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II. SUMMARY 
 
In this thesis, allelochemistry of Alexandrium tamarense, a well-known producer of 
saxitoxin and its analogues was investigated in an attempt to interpret the chemical 
characteristics and mode of action of the allelochemicals produced. As the response of target 
cells was lysis, the allelochemicals were thereafter designated as lytic compounds. One A. 
tamarense clonal strain, Alex2, with potent lytic activity, was chosen as the producer of the lytic 
compounds. Another A. tamarense clonal strain from the same geographical population, but 
without measurable lytic activity was introduced as a negative control. First, a cryptophyte 
Rhodomonas salina bioassay was used to guide the isolation and eventual structural 
characterization of the unknown lytic substances. Highest lytic activity per cell of A. tamarense 
cultures was achieved in the stationary growth phase, however, the allelopathic potency per cell 
remained constant throughout the entire exponential phase. 
 The supernatant of stationery cell cultures prepared via centrifugation was chosen as 
the major source of lytic compounds for research through out the whole thesis. Further isolation 
and purification of the supernatant often resulted in major loss or even disappearance of lytic 
activity, prompting the physico/chemical characterization of the lytic compounds. Although 
temporal stability of the lytic compounds was high, in that the lytic activity was stable over wide 
ranges of temperatures and pH and was refractory to bacterial degradation (at least of the 
bacteria consortium present in the cultures), substantial losses were evident during purification. 
The lytic compounds possessed high adsorption to various materials including polycarbonate 
and other plastics, glass, etc. Additionally, the lytic activity was reduced when stored at low 
concentration, in deionized water, or in vessels with large surface area/volume ratios.  
Similar to the bioactivity of allelochemicals produced among other harmful algal bloom 
species, A. tamarense produced a suite of metabolites acting as lytic compounds. At least two 
groups of lytic compounds with various polarities were separated and quantified via reversed 
phase solid phase extraction (SPE). Emphasis was put on the less polar fraction because of its 
higher lytic activity. Further purification of this SPE fraction was performed via both C8 high 
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performance liquid chromatography (HPLC) and hydrophilic interaction ion-chromatography 
(HILIC). Through matrix assisted laser desorption/ionization - time of flight mass spectrometry 
(MALDI-TOF MS) masses of the spectra between the lytic and non-lytic strain in SPE, C8 
HPLC, and HILIC fractions were compared. Two small unique masses, 1061.6 Da and 1291.6 
Da were found in lytic but not in non-lytic SPE fractions, however, they were later excluded to 
be related to lytic compounds by both HPLC and HILIC. Trypsic digestion and trypsic 
digestion-coupled size exclusion chromatography (SEC) suggested that the lytic compounds are 
large non-proteinaceous compounds less than 22.3 kDa. Although the large masses range from 7 
to 15 kDa found only in HILIC lytic fraction haven’t been proved to be lytic, the mass range 
deduced from SEC suggest that they are probably related to the lytic compounds. Total sugar 
content analysis suggested the percentage of sugar in dry mass equivalent in the lytic fraction 
was rather low, indicating the major composition of the lytic compounds may not be related to 
sugar.  
Alexandrium tamarense causes lysis of a broad spectrum of target protistan cells, and 
since the process is rapid, direct membrane disruption of target cell was suspected to be the 
mode of action. The lytic compounds increased permeability of the cell membrane for Ca2+ from 
buffer external to the outer cell membrane, and such increase was not inhibited even during 
blockade of Ca2+ channels with cadmium. This indicates that the lytic compounds lyse 
membrane directly, and the molecular targets are not ion channels. Membrane sterols were then 
suspected as the molecular target of lytic compounds. Adding sterols to a lysis bioassay with the 
R. salina for evaluation of competitive binding indicated that the lytic compounds possessed 
apparent affinity for free sterols. For three tested sterols, the lytic compounds showed highest 
affinity towards cholesterol followed by ergosterol and brassicasterol. However, analysis of 
sterol composition of isolates of A. tamarense and of five target protistan species showed that 
both lytic and non-lytic A. tamarense strains contain cholesterol and dinosterol as major sterols, 
whereas none of the other tested species contain dinosterol. Cholesterol comprised a higher 
percentage of total sterols in plasma membrane fractions of A. tamarense than in corresponding 
whole cell fractions. It is therefore concluded that the molecular targets of the lytic compounds 
are not, or are not exclusively, sterol components of the membranes. 
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III. ZUSAMMENFASSUNG 
 
Im Fokus der vorliegenden Doktorarbeit stehen Studien zu den allelochemischen 
Interaktionen von Alexandrium tamarense, einem bekannten Produzenten von Saxitoxin und 
dessen Analoga. Ziel der Arbeit ist im Wesentlichen, die chemische Charakterisierung und den 
Aktionsmodus der produzierten allelochemischen Substanzen zu interpretieren. Da die Reaktion 
von Zielorganismen Zell-Lyse ist, werden die allelochemischen Substanzen im Folgenden als 
lytische Substanzen bezeichnet. Ein klonaler Stamm von Alexandrium tamarense, Alex2, mit 
hohem lytischen Potential wurde als Produzent der lytischen Substanzen ausgesucht. Ein zweiter 
klonaler A. tamarense aus derselben geographischen Population, der jedoch ohne messbare 
lytische Aktivität ist, wurde als Negativkontrolle eingesetzt. In erster Linie wurde ein 
biologisches Testsystem mit der Cryptophycee Rhodomonas salina eingesetzt, um die Isolierung 
und mögliche Strukturaufklärung der unbekannten lytischen Substanzen zu unterstützen. 
Höchste lytische Aktivität pro Zelle von A. tamarense Kulturen wurde in der stationären 
Wachstumsphase erzielt. Das allelochemische Potential pro Zelle blieb jedoch im Laufe der 
exponentiellen Wachstumsphase konstant.  
Als Quelle für lytische Substanzen wurde für die Untersuchungen der gesamten Arbeit 
im wesentlichen ein Überstand stationärer Zellkulturen nach Zentrifugation ausgewählt. 
Nachfolgende Isolations- und Reinigungsschritte waren sehr oft mit einem drastischen oder auch 
mit einem vollständigen Aktivitätsverlust verbunden, so dass als erster Schritt eine grundlegende 
physico-chemische Charakterisierung erarbeitet wurde. Trotzt einer hohen zeitlichen Stabilität 
der lytischen Substanzen – die lytische Aktivität erwies sich als stabil über weite Temperatur- 
und pH-Bereiche und war beständig gegen einen bakteriellen Abbau durch die in den Kulturen 
vorhandenen Bakteriengemeinschaften – waren deutliche Verluste bei allen Reinigungsschritten 
evident. Die lytischen Substanzen zeigten hohe Adsorption an verschiedene Materialien wie 
Polykarbonat und andere Plastikmaterialien und auch zu Glas. Zusätzlich wurde die lytische 
Aktivität reduziert, wenn Proben in de-ionisiertem Wasser und/oder in Gefäßen mit hohen 
Oberflächen/Volumen Verhältnissen gelagert wurden.  
 X 
Vergleichbar zur Bioaktivität von allelochemischen Substanzen anderer 
Harmful-Algal-Bloom Spezies produziert A. tamarense eine Reihe von Metaboliten mit lytischer 
Aktivität. Zumindest zwei Gruppen lytischer Substanzen mit unterschiedlicher Polarität konnten 
mit Hilfe der Umkehrphasen-Festphasenextraktion (RP-SPE) getrennt und quantifiziert werden. 
Im Weiteren wurde der Schwerpunkt auf die weniger polare und lytisch aktivere Fraktion gelegt. 
Die weitere Aufreinigung dieser SPE Fraktion erfolgte sowohl über hoch auflösender 
Flüßigchromatographie (HPLC) an einer C8 Phase als auch über hydrophiler 
Interaktionsionenchromatographie (HILIC). Mit Hilfe der Matrix unterstützten 
Laserdesorptionsionisation – Flugzeitmassenspektrometrie (MALDI-TOF MS) wurden 
Molekülmassen in SPE, C8 HPLC und HILIC Fraktionen zwischen dem lytischen und dem 
nicht-lytischen Stamm verglichen. Zwei relativ kleine Massen mit 1061.6 Da und 1291.6 Da, 
wurden bei dem lytischen Stamm, nicht aber bei dem nicht-lytischen Stamm gefunden.  Im 
weiteren konnte jedoch ausgeschlossen werden, dass diese Massen mit der lytischen Aktivität in 
Verbindung stehen. Trypsin-Verdau, alleine und gekoppelt mit Größenausschluß- 
chromatographie (SEC), deuteten darauf hin, dass die lytischen Substanzen bis 22.3 kDa große, 
nicht-proteinartige Verbindungen sind. Obwohl es nicht endgültig bewiesen werden konnte, dass 
die großen Massen im Bereich von 7 bis 15 kDa, die ausschließlich in lytischen HILIC 
Fraktionen gefunden wurden, tatsächlich lytisch wirken, deuteten die aus der SEC abgeleiteten 
Massebereiche darauf hin, dass sie möglicherweise mit den lytischen Substanzen in Verbindung 
stehen. Die Analysen des Gesamt-Zuckergehaltes zeigten, dass der prozentuale Anteil von 
Zuckern am Trockengewicht der lytischen Fraktion sehr niedrig ist und lassen somit vermuten, 
dass die Hauptbestandteile der lytischen Verbindungen nicht mit Zuckern in Verbindung 
gebracht werden können. 
Alexandrium tamarense bewirkt Zell-Lyse bei einem breiten Spektrum an anderen 
Protisten. Da dieser Prozess sehr rasch verläuft, wurde als Wirkungsmechanismus eine direkte 
Membranschädigung bei den Zielzellen als primärer Wirkmechanismus vermutet. Die lytischen 
Substanzen erhöhten die Permeabilität der Zellmembran  für Ca2+ aus dem extrazellulären 
Puffermedium und diese Zunahme konnte nicht durch die Blockade con Ca2+ Kanälen mithilfe 
von Cadmium unterbunden werden. Das zeigt, dass die lytischen Verbindungen  die 
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Zellmembran direkt schädigen und  Ionenkanäle nicht die Zielmoleküle darstellen. 
Membransterole wurden daraufhin als mögliche molekulare Ziele der lytischen Substanzen 
vermutet. Die Zugabe von Sterolen zum Lysis-Bioassay mit R. salina zur Beurteilung von 
möglichen kompetitiven Bindungen zeigte, dass die lytischen Subsanzen offensichtliche 
Affinität für freie Sterole aufwiesen. Die Bestimmung der Sterol-Zusammensetzung von A. 
tamarense und fünf weitere Protistenarten zeigte allerdings, dass sowohl der lytische als auch 
der nicht-lytische Stamm  Cholesterin und Dinosterol als Haupt-Sterole  aufwiesen, 
wohingegen keine der anderen untersuchten Arten Dinosterol enthielt. Bei A. tamarense machte 
Cholesterin einen größeren Anteil an Sterolen in der Plasmamembranfraktion aus als in der 
Gesamt-Zell Fraktion. Dies deutet darauf hin, dass die primären Zielmoleküle der lytischen 
Substanzen nicht – der zumindest nicht ausschließlich – in den Sterolen der Membran zu suchen 
sind. 
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GENERAL INTRODUCTION 
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1. Introduction 
 
1.1 Harmful algal blooms 
 
Before the term harmful algal bloom (HAB) was introduced, another more general term 
“red tide” was often used to describe the phenomenon related to surface water discoloration due 
to proliferation of algae, which can reach extremely high cell concentrations. In some cases the 
designation “red tide” has also been employed to describe the accumulation of toxins and their 
effects on marine ecosystems and particular species, including humans, subjected to toxicity 
from certain HABs. For example, toxic events may be caused by consuming contaminated 
seafood, and large scale marine animal mortalities may occur during HABs formed by certain 
species (Hallegraeff, 2003). Compared to harmless red tides, harmful blooms have gained more 
prominence because the success of the fisheries and aquaculture industries as well as public 
health is involved. Consequently, HAB research has emerged as a new ecological discipline. 
The main research areas in this discipline include impacts on humans, investigation of 
geographical distribution, intensity and frequency of harmful blooms, algal species involved and 
toxins produced, the mechanisms of HAB formation and dispersion, as well as management and 
prediction of HAB events.  
In certain areas, high biomass generated by HABs may cause harmful effects on the local 
or regional biota, e.g. by causing anoxia, and affecting community and food-web dynamics. 
Human intoxications linked to HABs are typically due to consumption of toxic shellfish or, 
especially in the tropics, of finfish that have accumulated algal toxins (known collectively as 
phycotoxins), or to inhalation of aerosol borne toxins or dermal contact (skin irritations) with 
seawater containing toxic species (Masó and Garcés, 2006). From the economic point of view, 
massive fish mortality is often associated with HABs, caused by low oxygen levels, direct 
toxicity, hemolysis, and/or mechanical damage especially to gill tissues (Rensel and Whyte, 
2003).  
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HABs are often recurrent events in coastal or near-shore areas worldwide from tropical 
to high-latitudes. The frequency and geographical distribution of HABs have apparently been 
increasing worldwide in recent years (Hallegraeff, 1993). Part of this apparent increase may be 
due to development of new monitoring techniques, knowledge and research, but evidence also 
indicates an objective increase in the frequency and severity of HAB events. Regardless of 
improvements in detection method, the increase of HABs is often closely related to human 
activity in coastal area. For example, modern aquaculture involves transport of shellfish or 
finfish stock, which can lead to an expanded geographical range of harmful species via 
inadvertent transport of resting cyst of HAB species; other human interventions affecting HAB 
distributions involve discharge of ballast water and floating plastic debris (Hallegraeff, 1998; 
Masó et al., 2003). In some coastal areas, HAB increases have been associated with 
eutrophication, which is believed to influence growth and toxin production of HAB species 
(Anderson et al., 2002). 
HABs are most often associated with eukaryotic microalgae, including species of 
dinoflagellates, diatoms, raphidophytes, pelagophytes, haptophytes, and chrysophytes, as well as 
many species of cyanobacteria. In total approximately 200 microalgal species have been linked 
with HAB events throughout the world. 
The toxins produced by many HAB species may be classified in many ways, including 
structure, mode of action, induced symptomology in animal subjects or ecological targets. 
Perhaps the most common classification is according to the harmful effects or symptoms caused 
by the toxins, e.g. classified into two major types: (1) toxin syndromes in humans, including 
paralytic shellfish poisoning (PSP), diarrhetic shellfish poisoning (DSP), ciguatera fish 
poisoning (CFP), neurotoxic shellfish poisoning (NSP), amnesic shellfish poisoning (ASP), 
cyanobacterial toxin poisoning, and estuarine-associated syndrome;  and (2) toxicity to fish 
and/or invertebrates, e.g. by damaging or clogging gills. Some non-toxin producing HAB 
species, e.g. Akashiwo sanguinea, Gonyaulax polygramma, can achieve extremely high cell 
densities that cause indiscriminate kills of fish and invertebrates by oxygen depletion 
(Hallegraeff, 2003). 
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The phycotoxins that cause the above syndromes are mainly secondary metabolites with 
high pharmacological activity. The PSP toxins include a suite of heterocyclic guanidine 
derivatives including saxitoxin (STX) and analogues, mainly produced by dinoflagellates 
Alexandrium spp., Gymnodinium catenatum, and Pyrodinium bahamense as well as some strains 
of cyanobacteria belonging to many filamentous genera. The NSP toxins comprise the 
brevetoxins (PbTx), a suite of structurally related ladder-like polycylic ether toxins, associated 
with the dinoflagellate Karenia brevis. The DSP toxins include okadaic acid and related 
dinophysistoxin derivatives (DTX-1, DTX2, DTX diol-esters) from the dinoflagellates 
Dinophysis spp. as well as several benthic Prorocentrum species. The CFP toxins include 
ciguatoxins, maitotoxins, and many related analogues of ladder-like polyether toxins, mainly 
originating from benthic dinoflagellates such as Gambierdiscus toxicus, but often 
biotransformed into other toxic analogues in fish. The ASP toxins include domoic acid, and a 
few related analogues of this water-soluble tricarboxylic amino acid - the only phycotoxin group 
produced by diatoms, including species of the pennate diatom genus Pseudo-nitzschia. 
Azaspiracid poisoning (AZP) caused by azaspiracids is the most recently discovered human 
toxic syndrome associated with shellfish consumption (Satake et al., 1998a; Satake et al., 1998b). 
The primary producer of azaspiracids has recently been found to belong to a newly discovered 
dinoflagellate species, Azadinium spinosum (Tillmann et al., 2009a). 
 In contrast to the above toxins associated with human toxic syndromes, some HAB 
toxins show no toxic effect to humans but rather express ichthyotoxic and/or hemolytic effects 
to fish, e.g. prymnesin-1 and -2 from Prymnesium parvum (Otterstrøm and Steeman Nielsen, 
1940; Farrow, 1969; Kononen et al., 1993; Igarashi et al., 1999), and karlotoxins from 
Karlodinium veneficum (Braarud, 1957; Deeds et al., 2002; Van Wagoner et al., 2008).  
 
1.2 Alexandrium  
 
1.2.1 General introduction 
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Members of the genus Alexnadrium Halim are gonyaulacoid dinoflagellates of the family 
Goniodomaceae, subfamily Helgolandiniodeae, and with about 30 morphologically defined and 
taxonomically described species (Balech, 1995). Molecular taxonomy has in general supported 
the structure of the genus based upon morphology but although new species have been defined  
others cannot be resolved by common molecular markers (e.g rDNA) (Lilly et al., 2007). All 
Alexandrium species are marine thecate and photosynthetic, being strongly pigmented in the 
motile state (Taylor and Fukuyo, 1998). This genus contains more neurotoxic members 
(approximately a dozen species) than any other harmful algal genus up to now. Alexandrium 
catenella and A. tamarense (originally classified as species of Gonyaulax) were the first two 
species linked to PSP toxins in mussels (Sommer and Meyer, 1937; Sommer et al., 1937; 
Needler, 1949). Both A. catenella and A. tamarense are most common in temperate coastal 
waters throughout the world, resulting in PSP events (Hallegraeff, 1993; Shumway and 
Cembella, 1993), but they can also appear and even bloom in sub-tropical and even tropical 
environments. 
During the life history of Alexandrium spp., asexual and sexual reproduction stages 
appear to alternate during the seasonal annual cycle. The asexual phase is propagated by binary 
fission leading to the proliferation of motile, vegetative cells as blooms develop. Briefly, the 
whole life cycle is as follows (Fig 1): 1) the asexual process is terminated when sexuality is 
induced; 2) sexuality begins with the formation of gametes; 3) gametes fuse to form swimming 
zygotes (planozygotes) (Turpin et al., 1978; Yoshimatsu, 1981); 4) zygotes become dormant 
resting cysts (hypnozygotes)(Pfiester and Anderson, 1987),  which eventually germinate and 
after meiotic division reinoculate the water with vegetative swimming cells when favorable 
growth conditions return (Dale, 1977; Anderson and Wall, 1978). The sexual cysts act as seed 
populations for bloom initiation, and ensure short- and long- term survival through adverse 
conditions, species dispersal, and preservation of genetic variation (Pfiester and Anderson, 
1987). A short term asexual resting stage, called a “temporary cyst” or pellicular cyst may be 
produced when motile vegetative cells encounter unfavorable conditions, such as mechanical 
shock or a sudden change of the physical condition of the environment. These temporary cysts 
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can rapidly re-establish and regenerate the normal vegetative, motile stage when conditions 
become favorable again, which can be interpreted as a “wise copy” of the sexual cyst. Research 
on bloom formation has demonstrated that the (sexual) cyst stage is a key component of 
Alexandrium population dynamics, both for bloom initiation and termination, but the triggers 
and mechanisms depend on the habitats, e.g. cysts and motile cell blooms are closely coupled in 
shallow embayments, but in large temperate estuaries as well as open costal water, the 
relationships are harder to define. In the latter environments, cysts often encounter unpleasant 
conditions, which hamper their transformation to motile bloom forming cells (Anderson, 1998).  
 
 
 
Fig. 1 Life cycle diagram of Alexandrium tamarense. Stages are identified as follows: 
(1) vegetative, motile cell; (2) temporary or pellicle cyst; (3) anisogamous “female” 
and “male” gametes; (4) fusing gametes; (5) swimming zygote or planozygote; (6)  
resting cyst or hypnozygote; (7&8) motile, germinated cell or planomeiocyte; and (9) 
pair or vegetative cells following division. Adapted from Anderson et al., 1996. 
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1.2.2 Ecological impact of Alexandrium blooms 
 
Alexandrium blooms are one of the major sources of PSP toxins, potent neurotoxins with 
sodium-channel blocking activity (Hallegraeff, 1993; Anderson, 1998; Cembella, 1998). Besides 
causing poisoning of humans caused by accumulation of their toxins in shellfish for 
consumption, Alexandrium blooms are often involved in massive fish kills (Mortensen, 1985; 
Cembella et al., 2002), and marine mammal mortalities and morbidity (Durbin et al., 2002; 
Doucette et al., 2006). Nevertheless, despite some circumstantial conjecture, there is little 
evidence showing that fish kills linked to Alexandrium blooms are directly caused by PSP toxins. 
Massive fish kills during HABs are frequently caused by gill clogging, anoxia or mechanical 
damage, to exposed gill membranes (Hallegraeff, 1993) but these do not appear to account for 
mortalities associated with Alexandrium blooms. This allows for the possibly of new 
(undescribed) ichthyotoxins unrelated to PSP toxins in Alexandrium. Another group of 
phycotoxins, macrocyclic imines known as spirolides may be produced by A. ostenfeldii and are 
found to accumulate in scallop and mussel viscera. Spirolides  possess very high acute toxicity 
to mice (Hu et al., 1995; Cembella et al., 1998; Cembella et al., 2001) accompanied by 
neurotoxicological symptoms but these toxins are unlikely to cause fish mortalities because the 
causative dinoflagellate has never been found in high bloom concentrations in the water column.   
 
1.3 Allelopathy 
 
The phenomenon allelopathy was observed in agriculture in early times even before the 
“allelopathy” concept was introduced. The term “allelopathy” (from the Greek allelon, “of each 
other”, and pathos “to suffer”) was first coined by Austrian plant physiologist Hans Molisch as 
“Allelopathie”  in 1937 , to describe a biochemical interaction that inhibits or stimulates 
neighbouring plants by another plant (Molisch, 2001). In 1984, American researcher Rice 
reconsidered and redefined allelopathy as “any direct or indirect harmful or beneficial effect by 
one plant (including microorganisms) on another through production of chemical compounds 
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that escape into the environment” (Rice, 1984).  But later on, people intended to trace back the 
original meaning of allelopathy that one plant inhibit another due to release of chemical 
substances (Fitter, 2003).  
 
1.4 Allelopathy among phytoplankton  
 
1.4.1 Phytoplankton groups involved 
 
Unlike terrestrial ecosystems, where allelopathy is a well defined and understood 
mechanism, allelopathic studies in marine environments are much less developed. Most research 
on marine allelopathy is focused on benthic systems, primarily on seaweeds, sponges and corals, 
although in the past decade more attention is increasingly being paid to phytoplankton, including 
grazer interactions. 
Among marine phytoplankton, allelopathy has been broadly found among toxin-
producing species, including certain cyanobacteria and free-living flagellates, particularly 
dinoflagellates. For example, a few cyanobacteria are known to produce substances which 
inhibit diatoms (Keating, 1977), whereas marine and brackish water cyanobacteria, e.g. 
Nodularia spumigena, Aphanizomenon flos-aquae and Anabaena spp. are capable of expressing 
allelopathic effects on cryptophytes (Suikkanen et al., 2004,2005). Among flagellates, 
biochemicals may be released to inhibit other co-existing phytoplankton species (Pratt, 1966; 
Tillmann and John, 2002), as well as grazers (Tillmann, 2003).  
 
1.4.2 Allelochemicals involved in phytoplankton interactions 
 
In comparison to terrestrial systems, where allelochemicals may be transported as 
aerosols or in otherwise airborne components or along solid substrates in a relatively stationary 
system, the chemical and physical properties of aquatic environment are complex and rather 
different. The major medium (water) is polar and viscous and with a certain salinity and pH. 
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Thus compounds are required to possess the appropriate hydrophilicity/hydrophobicity to 
distribute in water, and to reach the active site, respectively. Amphipathic compounds are 
therefore supposed to be the perfect candidates for allelopathic agents in aquatic ecosystem 
(Gross et al., 1991). Production of both hydrophilic and hydrophobic compounds at the same 
time (Gross, 2003), is another effective strategy. In aquatic systems, chemicals responsible for 
allelopathic interactions are generally divided into seven categories based on the chemical nature: 
1) saturated and unsaturated fatty acids; 2) phenolic compounds; 3) terpenoids; 4) oligopeptides; 
5) polyethers; 6) polysaccharides; and 7) miscellaneous compounds (Macías et al., 2008). 
Originally, phycotoxins were suspected to act as allelochemicals among HAB species, 
and early studies were mainly concentrated on this direction. Phycotoxins such as diarrhetic 
shellfish poisoning (DSP) toxins, okadaic acid (OA) and dinophysistoxin-1 (DTX-1), were 
reported to effectively inhibit the growth of several microalgae in static systems (Windust et al., 
1996; Windust et al., 1997), but the target species of diatoms were unlikely to encounter high 
concentrations of these compounds in Nature. Although OA is confirmed to inhibit the growth 
of some phytoplankton species, other compounds must be involved in the investigated toxic 
effect of the filtrate from the benthic dinoflagellate Prorocentrum lima, an OA producer (Sugg 
and VanDolah, 1999). Brevetoxins, from a well-known fish-killer dinoflagellate Karenia brevis, 
were found not to be responsible for the allelopathic effect investigated between this species and 
test target phytoplankton, although they slightly inhibited the growth of the diatom Skeletonema 
costatum (Kubanek et al., 2005). 
 Actually, most allelochemicals produced by HAB species are unknown; only a few have 
been identified (Granéli et al., 2008a; Granéli et al., 2008b). Since allelopathic effects may 
include direct lysis of target species membranes, toxins with hemolytic or ichthyotoxic capacity 
were believed to act as allelochemicals. For example, prymnesins-1 and -2, polyoxy-polyene-
polyethers excreted by Prymnesium parvum (Igarashi et al., 1998) perforate cell membranes of 
other phytoplankton species and grazers, and can even cause fish kills. Glycosylglycerolipids 
with ichthyotoxic and hemolytic potency were found in other fish-killing algae, including the 
haptophyte Chrysochromulina polylepis and the dinoflagellate Karenia mikimotoi (Yasumoto et 
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al., 1990). Karlotoxin (KmTx2), with hemolytic activity, from Karlodinium veneficum was 
found to inhibit the growth of several phytoplankton species, including raphidophytes 
Heterosigma akashiwo, Fibrocapsa japonica and Chattonella subsalsa, dinoflagellates 
Amphidinium carterae, Pfiesteria piscicida and P. shumwayae, and a cryptophyte Storeatula 
major (Adolf et al., 2006), and to act against the dinoflagellate grazer Oxyrrhis marina (Adolf et 
al., 2007).  
Recently, allelochemicals of several phytoplankton species have been at least partially 
structurally elucidated. The raphidophyte Heterosigma akashiwo was reported to produce a 
polysaccharide-protein complex with a high molecular mass as an allelochemical (Yamasaki et 
al., 2009). The dinoflagellate Karenia brevis can produce unstable polar allelochemicals with 
molecular weight between 500 Da and 1000 Da and which possess aromatic functional groups 
(Prince et al., 2010). The fresh water cyanobacterium Oscillatoria sp. is known to produce 
synergistic metabolites, identified as cyclic peptides containing several unusually modified 
amino acids, as allelochemicals (Leão et al., 2010). 
 
1.4.3 Mode of action 
 
In allelopathic interactions, inhibitory or stimulatory effects are accomplished by 
allelochemicals by altering one or more physiological processes, such as cell division, cell 
differentiation, ion and water uptake, water status, hormone metabolism, respiration, 
photosynthesis, enzyme function, signal transduction, as well as gene expression (Bais et al., 
2003; Inderjit and Duke, 2003; Singh and Thapar, 2003; Belz and Hurle, 2004).  
Research on the mode of action of allelochemicals among microalgae is rather scarce, 
such that in many cases although the bioactivity and effects have been clarified, the mode of 
action remains unknown. One important reason for this knowledge gap is that the chemical 
nature of most allelochemicals has still not been elucidated, and therefore studies dependent 
upon purified and described compounds are not possible. Additionally, some biological activity 
effects such as growth inhibition and death are not direct linear reactions, and could be caused 
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by many complicated pathways. The known biological interactions of allelochemicals of 
microalgae include membrane damage, inhibition of protein activity, or modifying or activation 
of a physiological function (reviewed by Legrand, et al 2003). Membrane damage toxins are 
produced by many phytoplankton species, including the dinoflagellate Alexandrium spp. (Arzul 
et al., 1999; Tillmann and John, 2002; Tillmann et al., 2008), Karenia mikimotoi (Yasumoto et 
al., 1990; Parrish et al., 1993; Uchida et al., 1995; Gentien, 1998), Peridinium bipes (Wu et al., 
1998), Karlodinium veneficum (Deeds and Place, 2006), as well as by the haptophytes 
Prymnesium parvum (Ulitzur, 1973; Johansson, 2000; Skovgaard et al., 2003) and  
Chrysochromulina polylepis (Yasumoto et al., 1990; Myklestad et al., 1995; Schmidt and 
Hansen, 2001), etc. The lethal process on targeted cells is usually initiated by ecdysis (if thecate), 
the shedding of the theca or cellular wall components, and including loss of flagellae, then cell 
blistering followed by lysis, and finally death. The molecular mechanism of membrane damage 
is probably due to enzymatic hydrolysis or pore formation (Schmitt et al., 1999).  
In some cases membrane damage of target cells occurs shortly after allelochemicals are 
applied, e.g. the cryptophyte R. salina exposed to cell-free filtrate of Prymnesium parvum, or to 
supernatant of Alexandrium tamarense cultures (Skovgaard et al., 2003; Tillmann et al., 2007). 
This evidence suggests that direct action on external membranes rather than an enzymatic or 
apoptotic process was involved. Besides drastic membrane damage, other milder effects on 
target cells, such as growth inhibition, are also expressed among many species of phytoplankton 
(Legrand et al., 2003).  
The known phycotoxins with cytotoxic properties may also exhibit allelopathic effects 
on other species to a certain extent. For example, the potent serine-threonine protein phosphatase 
inhibitor okadaic acid produced by the dinoflagellate Prorocentrum lima and other benthic 
members of this genus (Yasumoto and Murata, 1990) produced growth inhibition of other 
epibenthic dinoflagellates containing protein phosphatase (Sugg and VanDolah, 1999). The 
authors concluded, however, that besides okadaic acid, other allelochemicals produced by P. 
lima must also be involved in this inhibitory effect.  
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An important issue is how the producing organisms survive the production of their own 
allelochemicals. If the allelochemicals have strong membrane-disruptive effects, the producing 
organism must have a strategy for self-protection to prevent autolysis. The dinoflagellate 
Karlodinium veneficum, the producer of lytic karlotoxins, presents one example of such a self-
protective mechanism (Deeds and Place 2006). Based upon the results of a sterol incubation 
assay, Deed and Place (2006) suggested that K. veneficum possesses a unique 4-methyl sterol 
lacking binding affinity to karlotoxin, thereby protecting the dinoflagellate from autolysis 
because of the absence of karlotoxin binding sites on its own membranes. Another example of 
self-protection is exhibited by certain nitrogen-fixing cyanobacteria, e.g. Nostoc spp., that 
produce bacteriocin, an antibiotic substance effective against other cyanobacteria. Nostoc spp. 
produce bacteriocin together with a masking protein which helps the producers to protect 
themselves (Flores and Wolk, 1986).  
 However, self-protection against allelochemicals is neither universal nor complete in 
every case. Cell-free filtrate of Prymnesium parvum at high exotoxin level was shown to yield a 
self-toxic effect on the same strain of P. parvum (Olli and Trunov, 2007). The authors argued 
such self-destruction may set an upper limit to the population density of the producers.  
 
1.4.4 Factors affecting allelopathy in phytoplankton: Abiotic and biotic factors 
 
Surrounded by water, allelochemicals in marine system have some special properties and 
activity is affected by both abiotic and biotic factors. The physical and chemical properties of 
water are important for mediating the activity as well as the distribution of allelochemicals. 
Changes of physico-chemical conditions, such as pH, nutrient status (e.g. N or P deficiency), 
light wavelength, and photon flux density have been reported to influence the production and 
activity of allelochemicals (Shilo, 1967; Collins, 1978; Skulberg and Aune, 1993; Simonsen and 
Moestrup, 1997; Johansson and Graneli, 1999; Hansen, 2002). 
In marine systems, the physical and chemical properties of the aquatic environment are 
unlikely to change drastically, and if they do reach extremes, e.g. extremely high temperature, 
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pH or light intensity, both the allelochemical producers and the targets would likely die, thereby 
negating any selective advantage. However milder changes do happen in natural marine systems, 
e.g. seasonal increase in temperature from winter to summer will favour blooms of 
phytoplankton species that thrive at higher temperatures. Very little known is known about the 
relationship of temperature and allelopathy. Hemolytic activity, based upon lysis of erythrocytes, 
of the haptophyte Phaeocystis pouchetii and thus assumed to reflect allelochemical activity, 
increased at higher temperatures shifting from 4 to 15 oC (van Rijssel et al., 2007). In contrast, 
for Alexandrium tamarense, the allelopathic effect against the dinoflagellates Scrippsiella 
trochoidea or Heterocapsa triquetra did not change when the culturing temperature was raised 
from 15 to 20 oC (Fistarol et al., 2004).  
Higher pH levels (ranging from pH 6.5 to 8) helped increase allelopathy of 
Chrysochromulina polylepis against upon H. triquetra through a cooperation of allelopathic 
effect and the negative effect on motility of the latter (Schmidt and Hansen, 2001). Similar pH 
effects were also observed for the freshwater cyanobacterium Oscillatoria laevevirens, such that 
at neutral or lower pH the algicide was produced at low concentration, but this increased nearly 
four-fold when the pH was increased from 8 to 9 (Ray and Bagchi, 2001). 
Although no direct study has been performed on the influence of light on allelopathic 
effects among phytoplankton, some related research has been carried out on hemolytic and 
therefore ichthyotoxic compounds. For example, the ichthyotoxins from Prymnesium parvum 
were completely inactivated within 90 min when exposed to UV light at 255 nm and visible 
light between 400 and 520 nm (Parnas et al., 1962). And when P. parvum culture was 
transferred to darkness, the hemolysin activity in both intracellular and extracellular fractions 
decreased over time although the cell growth was undisturbed (Shilo, 1967). However, the 
extracellular hemolysin in the culture filtrates from another haptophyte C. polylepis was 
degraded via photo-oxidation (Simonsen and Moestrup, 1997). Another recent study showed 
that the hemolysins of P. parvum incubated in the dark for 3 days did not lose toxicity 
(Hagström and Granéli, 2005). For some cases, light has a positive stimulation, e.g. the 
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hemolytic activity of Phaecocystis pouchetii was enhanced when incubated at high light 
intensities (van Rijssel et al., 2007).  
 Research has shown that the action of allelochemicals is often of short duration, e.g. the 
cell-free filtrate of Prymnesium parvum cultures initially caused severe cell loss of three tested 
phytoplankton species, however, after some days, the  target species increased again in cell 
number (Granéli and Johansson, 2003). But if enough allelochemicals are continuously applied, 
the recovery of target cells is not possible (Fistarol et al., 2003; Suikkanen et al., 2004; Fistarol 
et al., 2005).  
Nitrogen and phosphorus are two important elements influencing phytoplankton growth 
as well as production of some phycotoxins. For example, the cell quota of N-rich phycotoxins, 
e.g. saxitoxins, nodularin, domoic acid, tends to increase under P-limitation. For phycotoxins 
without either N or P in their structures, cell quota increased under both N- and P-limitation 
(Johansson and Granéli, 1999a, 1999b; Granéli and Hansen, 2006). Prymnesium parvum cells in 
starvation caused by N- or P-limitation, increased drastically their allelopathic effect compared 
to the cells grown in N- and P-sufficient condition which exhibited nearly no allelopathic effect 
(Granéli and Johansson, 2003). The concentration of hemolytic metabolites from C. polylepis 
and P. parvum cells increased under P- and N-limitation compared to nutrient-sufficient cells 
(Johansson and Granéli, 1999a, 1999b). Similarly to the known phycotoxins, the production of 
allelochemicals thus was also influenced under nutrient stress.  
As allelopathy is a concentration-dependant phenomenon, determination of an 
allelochemical threshold concentration in susceptible targets is a common practice. The cell 
density of both donor and target species is important to the allelopathic interaction, which has 
been proven by many cross-culturing studies. Instead of directly interacting with the targets, the 
donors often exude allelochemicals into the environment, forming a “chemical cloud” 
surrounding the producers, thereby acting in either active competitive or defensive role (Hansen, 
1989; Tillmann and John, 2002; Tillmann, 2004). However, there are also exceptions, such as 
the dinoflagellate Heterocapsa circularisquama that kills other cells by direct contact (Uchida et 
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al., 1995; Kamiyama, 1997; Kamiyama and Arima, 1997; Uchida et al., 1999), but whether or 
not allelochemicals are produced by H. circularisquama is still under debate. 
Allelopathic interactions are neither universal or exhibit equal effect among various 
donors and targets, which means that allelopathic effects on various targets of the same 
allelopathic species as well as different response of the same target to various allelopathic 
species are expected (Fistarol et al., 2003; Fistarol et al., 2004; Fistarol et al., 2005; Suikkanen et 
al., 2005). For example, diatoms can be completely inhibited by P. parvum but only slightly 
inhibited by A. tamarense filtrate (Fistarol et al., 2003; Fistarol et al., 2004), whereas A. 
tamarense is more efficient at killing nanoflagellates than diatoms (Granéli et al., 2008a).  
Growth conditions, including growth phase of the allelochemical-producing species, are 
closely related to the potency of the allelopathic effect. For some producers, the allelopathic 
effect is highest in exponential growth phase. It makes sense that the producing cells may 
require the most competitive advantage when they are growing rapidly and need high nutrient 
supply for biomass accumulation. In the 1960s, Shilo (1967) observed that the hemolytic activity 
of P. parvum toward co-occurring algae was greatest from late exponential growth phase until 
stationary phase and eventually decreased. The allelopathic effect of another haptophyte C. 
polylepis on the dinoflagellate H. triquetra was most potent during exponential growth phases 
and decreased after reaching stationary phase for a few days (Schmidt and Hansen, 2001). The 
cyanobacterium Nodularia spumigena showed more potent allelopathic effect towards the 
diatom Thalassiosira  weissflogii and the cryptophyte Rhodomonas sp. in exponential than in 
stationary phase (Suikkanen et al., 2004). On the contrary, Alexandrium minutum and A. 
catenella inhibited the diatom Chaetoceros gracile slightly more in stationary growth phase than 
exponential phase (Arzul et al., 1999).  
1.5 The role of allelopathy in HAB formation and maintenance 
Allelopathic phytoplankton species are not often good competitors based upon 
conventional criteria due to their modest or even low growth rates, low nutrient uptake affinities, 
etc., compared to other species (Smayda, 1997). Nevertheless, many are capable of forming 
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blooms, suggesting that allelopathy may serve to compensate. As in terrestrial systems, in the 
marine environment allelopathy among phytoplankton is believed to be a key strategy to 
compete for limited sources, space, light and nutrients (Einhellig 1995). Thereafter, allelopathy 
is believed to affect phytoplankton succession, competition, bloom formation and maintenance 
of allelopathic species (Pratt, 1966; Keating, 1977; Rice, 1984; Lewis Jr., 1986; Wolfe, 2000; 
Rengefors and Legrand, 2001; Vardi et al., 2002; Fistarol et al., 2003; Legrand et al., 2003; 
Fistarol et al., 2004; Suikkanen et al., 2005). Nutrients in open ocean and coastal waters are not 
often sufficient enough to allow for optimal growth of all phytoplankton species present in the 
same area at the same time. Species with allelopathic ability may thereby profit from this 
characteristic and proliferate, even forming blooms, via exudation of compounds to inhibit or 
kill potential competitors or predators. The haptophyte Prymnesium parvum is a good model, 
which has been studied extensively regarding the relationship between allelopathy and blooms 
formation, as well as succession. In the sequence of P. parvum blooms events, diatoms, then P. 
parvum, and finally cyanobacteria, usually show up in natural environment in turn. Fistarol et al 
(2003) showed that P. parvum had a higher allelopathic effect on diatoms than on cyanobacteria, 
indicating the potential role of allelopathy in the donor species succession.  
1.6 Allelopathy in the genus Alexandrium 
In addition to the known neurotoxic PSP toxins as well as spirolides, metabolites with 
lytic and other negative effects upon other microalgae (Blanco and Campos, 1988; Arzul et al., 
1999; Fistarol et al., 2004; Tillmann et al., 2007; Tillmann et al., 2008) and towards 
heterotrophic protists (Hansen, 1989; Hansen et al., 1992; Matsuoka et al., 2000; Tillmann and 
John, 2002) are known to be widely produced among Alexandrium spp. These species include A. 
tamarense, A. ostenfeldii, A. lusitanicum, A. minutum, A. catenella, and A. taylori. 
Phytoplankton species sensitive to Alexandrium spp. include the cryptophyte Rhodomonas 
salina, chlorophyte Dunalliela salina, the diatom Thalassiosira weissflogii, and various 
dinoflagellates including Oxyrrhis marina and Amphidinium crassum. 
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The allelopathic effect or lytic potency among Alexandrium spp. is highly variable 
(Tillmann et al., 2008), and may not even be similar within the same species sampled from the 
same population. Tillmann et al. (2009b) investigated the growth rate, PSP toxin cell quota, as 
well as the lytic effect of 10 clonal strains of A. tamarense isolated simultaneously from the 
same geographical location, and attributed the high intraspecific and intrapopulation variability 
of all three parameters within a geographical site for A. tamarense to a large genetic reservoir, 
which allows the population to flexibly respond to short- and long-term changes in abiotic and 
biotic conditions. 
1.7 Motivation of the thesis 
The harmful marine dinoflagellate genus Alexandrium has gained global notoriety and 
generated great research interest because blooms of Alexandrium are a major source of toxins 
associated with paralytic shellfish poisoning (PSP), a human neurological illness caused by 
consumption of contaminated shellfish (Prakash et al., 1971). Besides causing toxicity to 
humans, Alexandrium blooms are often associated with kills of high trophic level marine 
organisms, such as fish and marine mammals (Mortensen, 1985; Cembella et al., 2002, Durbin 
et al., 2002; Doucette et al., 2006). Due to deleterious impacts of Alexandrium blooms on both 
humans and marine ecosystems, the mechanisms and dynamics of bloom formation draw special 
attention. As for many other HAB flagellates, Alexandrium spp. are usually not good 
competitors for nutrients, and several strategies have been suggested to have evolved to 
overcome this deficiency (Smayda, 1997). As one of the strategies, allelopathy has been found 
to broadly exist among HAB species, including Alexandrium spp. Allelopathy was suspected to 
be related to bloom formation and succession among phytoplankton, thus it makes sense to 
suppose allelopathy has the same ecological significance to Alexandrium. As one of the possible 
mechanisms to initiate and maintain Alexandrium blooms, the allelopathic properties, including 
sensitive phytoplankton species, allelochemicals, mode of action, etc., of Alexandrium deserve 
elucidation.  
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The chemical agents produced have never been elucidated or even partially characterized, 
although allelopathy among Alexandrium toward other autotrophic microalgae (Blanco and 
Campos, 1988; Arzul et al., 1999; Fistarol et al., 2004; Tillmann et al., 2007; Tillmann et al., 
2008) and heterotrophic protists (Hansen, 1989; Hansen et al., 1992; Matsuoka et al., 2000; 
Tillmann and John, 2002) have been investigated for decades. PSP toxins as well as spirolides 
which are commonly produced among Alexandrium have been more or less excluded as key 
allelopathic metabolites among the protists by previous research (Tillmann and John, 2002; 
Tillmann et al., 2007).  
In summary, the elucidation of the allelopathic effects and nature of the metabolites 
produced by Alexandrium, including the chemical interaction among producers as well as the 
mode of action, are of essential ecological importance. Thus the research contained in the thesis 
project was designed accordingly to resolve at least some of these issues.  
1.8 Thesis outline 
Based on the research criteria (Willis, 1985) of terrestrial allelopathy, in this thesis a 
great deal of effort was put into elucidating the chemical characteristics of allelochemicals 
produced by A. tamarense, and the mode of action of membrane disruption of target species.  
In Publication I, a cryptophyte Rhodomonas salina bioassay was used and modified to 
detect and quantify the lytic activity throughout the whole series of bioactivity experiments in 
this thesis. The production of allelochemicals in batch culture was investigated, and the optimal 
method to separate the released allelochemicals to apply to further research was chosen. 
Publication I provided the necessary basis for further studies for the whole thesis. The 
experimental part was designed and performed by U.T. and H.M. The author of this thesis was 
the major contributor wrote the manuscript of this research article and prepared it for publication 
with assistance of co-authors. 
In Publication II, preliminary characterization was performed on the allelochemicals, 
also designated as lytic compounds, produced by A. tamarense. Through various 
physico/chemical characterization, the stability, solubility, size, chromatographic behavior as 
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well as UV absorbance was determined. And for the first time, two lytic fractions with different 
polarities were separated and quantified via SPE C18. The major lytic compounds were 
determined to be amphipathic, with complex active structure, and were chosen for further 
characterization. The experimental part was designed by B.K., H.M., and U.T., and was mainly 
performed by H.M. The author of this thesis was the major contributor in preparing the 
manuscript for of the published work with assistance of co-authors. 
In Publication III, further characterization was carried on with the amphipathic lytic 
fractions found in Publication II. Several unique molecular masses found only in the lytic strain 
through MALDI-TOF was suspected as the candidate mass for the lytic compounds. However, 
the candidate masses were either excluded by further chromatography techniques or not 
completely proved to be related to the lytic compounds. Through phenol sulfuric acid assay, 
trypsic digestion, and SEC coupled trypsic digestion, the lytic compounds were classified to be 
non-biopolymer. And the molecular masses range was determined through SEC and MALDI-
TOF. The experimental part was designed by B.K. and H.M. and performed mainly by H.M. 
Masses measurement and data analysis through MALDI-TOF as well as orbitrap MS were 
performed by A.M. and N.W. The author of this thesis was the major contributor in preparing 
the manuscript for submission with assistance of co-authors. 
In Publication IV, the putative mode of action of the lytic compounds was studied. 
Through Ca2+ influx behavior of model PC12 cell line, the lysis of target cells was determined to 
be directly membrane disruption. Sterols were suspected as the molecular target on membrane of 
sensitive species. Through adding various sterols into R. salina bioassay, the affinity of the lytic 
compounds to free sterols were tested and compared. Additionally, the sterol composition of 
whole cell as well as enriched plasma membrane fractions of A. tamarense as well as its five 
target protistan species were compared. The experimental part was designed by U.T. and H.M., 
and performed mainly by H.M. The Ca2+ influx behavior of PC12 cell line was mainly 
performed by U.G. Sterol compositions were determined by D.J. and M.G. via GC/MS. The 
author of this thesis was the major contributor in preparing the manuscript for submission with 
assistance of co-authors. 
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2.1 Towards characterization of lytic compound(s) produced by 
Alexandrium tamarense 
 
2.1.1 Abstract 
 
We investigated optimal conditions for characterization of bioactivity of lytic 
compound(s) excreted by Alexandrium tamarense based on a cell-bioassay system. 
Allelochemical response of the cryptophyte Rhodomonas salina indicated the presence of lytic 
compound(s) in a reliable and reproducible way and allowed for quantification of this lytic 
effect. The parameters tested were the incubation time of putatively lytic extracts or fractions 
with the target organism R. salina, different techniques for cell harvest from A. tamarense 
cultures and the optimal harvest time. A three hour incubation time was found to be optimal to 
yield a rapid response while accurately estimating effective concentration (EC50). Harvest of A. 
tamarense cultures by filtration resulted in loss of lytic activity in most cases and centrifugation 
was most efficient in terms of recovery of lytic activity. Maximum yield of extracellular lytic 
activity of A. tamarense cultures was achieved in the stationary phase. Such optimized bioassay 
guided fractionation techniques are a valuable asset in the isolation and eventual structural 
elucidation of the unknown lytic substances. 
 
2.1.2 Introduction 
 
The dinoflagellate genus Alexandrium (Halim) contains more than a dozen species 
capable of producing known marine phycotoxins. These well-described toxins – the saxitoxin 
group associated with paralytic shellfish poisoning (PSP) (Anderson, 1998) and spirolides 
(Cembella et al., 2000), are potent neurotoxins in mammalian systems, but their ecological role 
and possible function as allelopathic agents is controversial and not well defined. In addition to 
the known neurotoxins, several Alexandrium species produce allelochemical substances causing 
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immobilization and lytic effects upon exposure to both planktonic heterotrophs and autotrophs. 
Toxic effects include (for flagellates) loss of flagellae, and for diverse taxa membrane disruption 
often resulting in cell lysis, or formation of temporary cysts (Tillmann et al., 2008). These lytic 
effects are clearly not attributable to either paralytic shellfish poisoning (PSP) toxins or to 
spirolides. 
The general objective of this study was to provide a basis and first steps towards a 
bioassay-guided characterisation of physico-chemical properties of lytic compound(s) excreted 
by Alexandrium tamarense. 
 
2.1.3 Materials and Methods 
 
Cell culture 
 
One clonal isolate of Alexandrium tamarense (Alex2) was selected as the source of lytic 
compounds from a larger collection of >60 clones of the North American ribotype (Lilly et al., 
2007) of this species isolated simultaneously in May, 2004 from the Scottish east coast of the 
North Sea (56° 05’ 47’’ N and 1° 42’ 35’’ W). The clones were isolated by micro-capillary 
pipette from a single vertical net haul (20 µm mesh) from 20 m depth (Alpermann et al., 2009) 
and maintained as unialgal stock cultures under standardized growth conditions. Dinoflagellate 
cultures were grown in K-medium (Keller et al., 1987; Alpermann et al., 2009), supplemented 
with selenite (Dahl et al., 1989), prepared from sterile-filtered (VacuCap 0.2 µm Pall Life 
Sciences) natural North Sea seawater (salinity 32 psu) in 1,000 mL Erlenmeyer flasks. Cultures 
were maintained under controlled conditions at 15 ºC under cool-white fluorescent light at a 
photon flux density (PFD) of 100 µmol photons m-2 s-1 on a 16 h light: 8 h dark photocycle. 
Alex2 was selected based on its high lytic activity as comparatively quantified in previous 
experiments (Alpermann et al., 2009; Tillmann et al., 2009b).  
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Bioassay system 
 
A microalgal bioassay was used to quantify lytic activity based on the response of the 
autotrophic cryptophyte Rhodomonas salina (Kalmar culture collection strain KAC 30) as the 
target species.  The R. salina strain was cultured under the same conditions as for Alex2. The 
bioassay was set up in a total volume of 4 mL in 6 mL glass vials. Each sample was spiked with 
0.1 mL of R. salina culture which was adjusted (based on microscope cell counts) to 4 x 105 
cells mL-1 to reach a start concentration of 1 x 104 mL-1 of the target cells. Culture medium in 
triplicate served as control. Samples were incubated for various incubation times in the dark at 
15 °C to restrict R. salina growth. Subsequently, samples were fixed with 2% Lugol´s iodine 
solution and cell concentrations of both A. tamarense and the intact target species were counted 
(from 0.5 mL) by inverted microscopy (Zeiss Axiovert 40C). A sub-area corresponding to at 
least 600 Rhodomonas cells in the control was counted. Percentage of intact cells of 
Rhodomonas was calculated as: Rhofinal/ Rhocontrol*100% where Rhofinal is the experimental final 
Rhodomonas cell concentration, and Rhocontrol the final target cell concentration in controls. 
Estimates of EC50, i.e. the volume of Alex2 supernatant yielding a 50% decline in target 
cell concentration, were determined by fitting data points (log transformed percentage of sample 
as x_values) to a sigmoid equation using the non-linear fit procedure of Statistica (Statsoft, 
Germany): Nfinal= Ncontrol/ [1+(X/EC50) h] 
where Nfinal is the experimental final target percent intact cell, Ncontrol the final target cell 
percentage in controls (100%), X the log-transformed amount of Alex 2 sample (as µl sample in 
the 4 mL test system), and EC50 and h are fit-parameters. Results are expressed as EC50 
including 95% confidence intervals. 
 
Experiments 
 
First, the optimal incubation time to quantify lytic extracellular compounds with R. 
salina as target organism was assessed. A supernatant of Alex2 culture was prepared by 
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centrifugation (3220 × g, 15 ºC for 10 min) of a dense stationary phase culture. The bioassay of 
supernatant effect on R. salina was performed for 1, 3, 6, 12, 24, 48 and 72h. For each 
incubation time, the bioassay was performed in duplicate, using a ten-point dilution series (3.9, 2, 
1, 0.5, 0.25, 0.1, 0.05, 0.025, 0.01, and 0.005 mL). 
Next, the optimal method to remove the cells from the medium containing the 
extracellular lytic compounds with the highest yield of lytic activity was evaluated. A dense 
culture in stationary phase was centrifuged as described above. In parallel, culture filtrate was 
prepared by gentle vacuum filtration of 25 mL culture volume upon either polycarbonate 
membranes (Millipore Isopore, 45 mm diameter) of 7 different pore sizes ranging from 8 to 0.1 
µm or glass fibre filters (Whatman GF/C, nominal pore size 1.2 µm; 45 mm diameter). For each 
sample, the Rhodomonas bioassay was performed as described, using a seven-point dilution 
series (3.9, 2, 1, 0.4 0.1, 0.5, and 0.025 mL) in triplicate. Based on results of this experiment, all 
subsequent experiments were performed with supernatant prepared as described above, and 
stored at 4 °C until use. 
As samples with high amounts of lytic compound(s) were desired for further isolation 
and characterization, the next step was to determine the optimal harvest time. The lytic potency 
of the cell culture under different growth phases was tested. Triplicate cultures were set up, and 
growth was monitored by cell counts after 0, 1, 3, 6, 10, 14, 17, 21, and 29 days. Simultaneously, 
on each sampling day, subsamples were removed from each culture and lytic activity was 
determined. As cell numbers increased during the experiment, the number of dilutions for each 
test series was increased from 3 to 10 (duplicate samples for each dilution). 
 
2.1.4 Results and Discussion 
 
The final percentage of intact Rhodomonas cells strongly depends on the sample 
concentration (Fig. 1A). Although cell lysis is a fast process, occurring after only a few minutes 
at high doses (Tillmann et al., 2008) the sigmoid dilution curve is different for changing 
incubation times (Fig. 1A). EC50 values calculated for each dilution curve showed a strong 
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decrease for a 3 h compared to 1 h incubation, whereas longer incubation resulted in only minor 
further decreases in EC50 values (Fig. 1B).  The effect of incubation time is most obvious at a 
low concentration and volume of bioactive sample (i.e. at 50 µL, Fig. 1B) where intact R. salina 
cells decreased from 100% (1 h) to <10% by 72 h. This phenomenon may be related to the 
threshold-dependent mode of action of the compounds. When the concentration of lytic 
compounds is relatively low, an extended exposure time is likely required to achieve a critical 
encounter rate and accumulation at the putative target on the membranes of Rhodomonas cells, 
thereby inducing the lytic effect. In any case, as incubating for 3 h apparently allowed 
quantification of lytic activity, this incubation time was chosen for subsequent experiments. This 
incubation time allows a quick response (on the same day, an advantage for a bioassay) by 
reducing potential negative secondary effects of longer incubation time (like growth of the target 
or growth of bacteria). 
With a membrane pore size ≥0.4µm, most of the lytic compounds, as indicated by lytic 
actively, passed through the polycarbonate filters (Fig. 2). However, when pore size was ≤ 0.2 
µm, no lytic activity was found in the filtrate. For glass fibre filters with a nominal pore size of 
1.2 µm, a much larger loss compared to polycarbonate filters of comparable pore size was 
observed. This indicates that adsorption to the filter material is to a large extent responsible for 
loss of activity. This is supported by the observation that small amounts of lytic activity were 
found in filtrate of 0.2 µm filters when the filtered volume was increased to >100 mL (results 
not shown). Lytic activity in the supernatant was unchanged as compared to the whole cell 
culture. Centrifugation is the most convenient and accessible way to obtain cell-free samples 
with no obvious loss of lytic activity, therefore cell free supernatants were collected for use in 
future separation and isolation steps. 
In the exponential phase (Day 0-6, Fig. 3), the lytic activity, represented by the EC50 
value, remained unchanged at about 100-110 cells mL-1. However, when cell growth decelerated 
and finally stopped in stationary phase, the lytic activity on a cellular basis increased (as 
indicated by a decreasing EC50 value down to about 50 cells mL-1) and stayed almost constant 
even in old stationary cultures after 29 days (Fig 3). 
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Fig. 1 Percentage of intact cells of R. salina exposed to Alex2 cell-free culture 
supernatant. Target cell numbers after 1, 3, 6, 12, 24, 48, and 72h incubation were 
scaled to final control cell numbers. (A) Complete dilution series expressed as 
duplicate mean ± 1 SD. (B) EC50 values (sample % in 4 mL bioassay) and 95% 
confidence interval. 
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Fig. 2 Percentage of intact cells of R. salina exposed to Alex2 cell cultures, filtered 
by membrane filters (pore size range from 8 to 0.1µm) and glass fiber (GF/C) filters 
(nominal pore size 1.2 µm), or to cell-free supernatant. Target cell numbers after 3h 
incubation were scaled to final control cell numbers. Results expressed as triplicate 
mean ± 1 SD. 
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Fig. 3 Cell concentration (mL-1) of A. tamarense and EC50 value (cell mL-1) against 
time (d) of culture growth. Results expressed as triplicate mean ± 1 SD. 
 
 
We did not attempt to determine production rate of lytic compounds in these experiments, 
as this would require detailed knowledge of the rate of degradation of these extracellular 
compounds, and the structures and hence concentrations remain unknown. Nevertheless, the 
results indicate that during exponential growth, production rates are consistent with cell growth, 
whereas later on when growth slows, production of compounds continues, leading to a 
pronounced accumulation of lytic compounds in stationary phase. 
To conclude, this study represents a preliminary effort to optimize the expression and 
measurement of lytic activity in A. tamarense by determining dose-responses under controlled 
conditions. In conjunction with a reliable cell bioassay (e.g. Rhodomonas test), further attempts 
to characterise and identify these lytic extracellular compounds will follow bioassay guided 
fractionation techniques. The optimal bioactive fractions are obtained as cell-free supernatant, 
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harvested from dense cultures in stationary phase. With the optimization of the protocol for 
induction and harvest of lytic activity from A. tamarense we have made a significant advance in 
the ultimate objective of defining the mode of action and determining the chemical structures of 
these intriguing lytic compounds.  
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2.2 Preliminary characterization of extracellular allelochemicals of 
the toxic marine dinoflagellate Alexandrium tamarense using a 
Rhodomonas salina bioassay 
 
2.2.1 Abstract 
 
Members of the marine dinoflagellate genus Alexandrium are known to exude 
allelochemicals, unrelated to well-known neurotoxins (PSP-toxins, spirolides), with negative 
effects on other phytoplankton and marine grazers. Physico/chemical characterization of 
extracellular lytic compounds of A. tamarense, quantified by Rhodomonas salina bioassay, 
showed that the lytic activity, and hence presumably the compounds were stable over wide 
ranges of temperatures and pH and were refractory to bacterial degradation. Two distinct lytic 
fractions were collected by reversed-phase solid phase extraction. The more hydrophilic fraction 
accounted for about 2% of the whole lytic activity of the A. tamarense culture supernatant, 
while the less hydrophilic one accounted for about 98% of activity. Although temporal stability 
of the compounds is high, substantial losses were evident during purification. Lytic activity was 
best removed from aqueous phase with chloroform-methanol (3:1). A “pseudo-loss” of lytic 
activity in undisturbed and low-concentrated samples and high activity of an emulsion between 
aqueous and n-hexane phase after liquid-liquid partition are strong evidence for the presence of 
amphipathic compounds. Lytic activity in the early fraction of gel permeation chromatography 
and lack of activity after 5 kDa ultrafiltration indicate that the lytic agents form large aggregates 
or macromolecular complexes. 
 
2.2.2 Introduction 
 
Phytoplankton in aquatic systems face various survival challenges, some of which result 
from grazer attack, pathogens and competition with other microalgae. The performance of 
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particular species in these inter-specific interactions is assumed to play an important role in 
determining which species will survive and even to grow rapidly enough to form aggregations 
(i.e., “bloom”) at a given time and place. Some algal blooms cause adverse effects including 
oxygen depletion, reduced water quality, and toxicity, and they are therefore called Harmful 
Algal Blooms (HABs). Interestingly, many HAB species are regarded as rather poor 
exploitation competitors in terms of growth rate and/or resource uptake capabilities (Smayda, 
1997). In compensation, the hypothesis evolved that a number of HAB species may gain 
dominance or at least maintain co-existence by production of bioactive compounds, particularly 
secondary metabolites that affect growth or elicit other physiological responses in other 
organisms. Such allelochemicals may be targeted to exclude competitors from exploiting limited 
resources (interference competition), as well as to avoid/reduce predation. In the marine 
environment, several HAB species from different groups, including cyanobacteria, 
dinoflagellates, haptophytes and raphidophytes are known to produce such allelopathic 
chemicals with negative effects, such as inhibition of growth, photosynthesis pathway system II, 
grazing pressure, and even causing death of other protists (Legrand et al., 2003; Granéli and 
Hansen, 2006). In most cases, however, the chemical identity of the compounds remains 
unknown (Sugg and VanDolah, 1999; Kubanek et al., 2005). 
Marine dinoflagellates in the genus Alexandrium are among the most prominent HAB 
organisms, occurring worldwide, primarily in coastal ecosystems from polar latitudes through 
temperate waters and including even tropical regimes. Alexandrium species frequently form 
toxic blooms and are well known for their production of biologically active secondary 
metabolites [e.g., paralytic shellfish poisoning (PSP) toxins, spirolides]. For most of these 
compounds both the chemical structure and toxicity are well known, mainly because they are 
toxic to mammals and are therefore of concern to human health (Wang, 2008). These 
compounds have been regarded as putative “defensive compounds” because of their high 
potency in mammalian systems, and they are also suspected to be allelopathic agents responsible 
for the deleterious effects on metazoan and protistan grazers and algal competitors (Sykes and 
Huntley, 1987; Hansen, 1989; Hansen et al., 1992; Fulco, 2007). Whereas the defensive role of 
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the known phycotoxins may remain valid at least in some cases involving metazoan grazers 
(Cembella, 2003), with respect to protistan targets, it is now quite clear that neither PSP toxins 
nor spirolides are involved in the observed negative effects (Tillmann and John, 2002; Tillmann 
et al., 2007). Thus, it is evident that Alexandrium spp., in addition to the neurotoxic PSP toxins, 
produce still unknown compounds with lytic capacities. These unknown allelochemicals may be 
significant in explaining the formation and maintenance of Alexandrium blooms through direct 
destructive effects on competing algae or unicellular grazers (Arzul et al., 1999; Tillmann and 
John, 2002; Fistarol et al., 2004; Tillmann et al., 2008). 
The search for the chemical nature and structure of allelochemical substances that 
mediate effects among marine protists, based on classical bioassay-driven fractionation have 
often resulted in loss of activity or led to irreproducible or inconclusive results. The aim of this 
current study was to investigate the basic properties and the physico-chemical behavior of these 
poorly examined compounds, tracking activity with an ecologically realistic target bioassay 
organism. The lytic activity of cell free supernatant of A. tamarense stationary cultures was 
quantified via a microalgal (Rhodomonas salina) bioassay system to estimate stability, solubility, 
extractability, molecular size, and polarity of lytic compounds. Although chemical structures of 
these allelochemicals have not yet been deduced via these experiments, results of liquid-liquid 
partition provide evidence for amphipathic compounds, while size-differentiation by 
ultrafiltration supports the existence of the lytic agents as large aggregates and likely as 
macromolecular complexes. Preliminary evidence indicates that they are stable over a longer 
period of time, but nonetheless show unusual unstable characteristics during any further 
purification, which often result in reduced or no activity. 
 
2.2.3 Experimental Section 
 
Cell culture 
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One clonal culture (Alex2) from a large collection of A. tamarense isolates from the 
Scottish coast of the North Sea was chosen based on a quantitative comparison of lytic potency 
(Tillmann et al., 2009b). This highly lytic clone was grown as described in Chapter 2.1. In some 
experiments, another isolate of this collection (Alex5), which does not produce lytic compounds 
in measurable amounts (Tillmann et al., 2009b), was used as a negative control.  
 
Sample harvest and preparation  
 
Different techniques for maximum yield of extracellular lytic activity from A. tamarense 
cultures, including the optimal harvest time for extracellular lytic compounds, were previously 
compared (Publication I; Chapter 2.1). Based on these results, samples were prepared by 
separating cells from the culture medium by centrifugation (50 mL Sarstedt tubes, Eppendorf 
centrifuge 5810R, 3,220 × g, 15 ºC for 10 min) of dense stationary phase cultures (ca. 20 x 103 
cells mL-1). Supernatant of several tubes was combined in glass vessels and either used directly 
or stored in the fridge (4 ºC for weeks).  
 
Chemical reagents 
 
Water was deionized and purified (Milli-Q, Millipore GmbH, Eschborn, Germany) to 18 
MV cm-1 quality or better. Methanol (LiChrosolve for HPLC, and p.a. for all other experiments), 
chloroform (p.a.), dichloromethane (p.a.), hydrochloric acid (HCl, 32%, p.a.) and n-hexane (p.a.) 
were purchased from Merck (Darmstadt, Germany), and sodium hydroxide (NaOH, p.a.) were 
from Sigma (Aldrich, Germany). 
 
Bioassay system 
 
A microalgal bioassay system was used to quantify lytic activity based on the response 
of the photosynthetic cryptophyte Rhodomonas salina (Kalmar culture collection strain KAC 30, 
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hereafter named “Rhodomonas”) as the target species. Rhodomonas was cultured under the same 
conditions as described for Alex2. In this bioassay, intact Rhodomonas cells were 
microscopically counted after short-term treatment with one or several dilutions of a sample and 
compared to cell numbers of a control (treated with culture medium). The bioassay was set up in 
a total volume of 4 mL in 6 mL glass vials. Each sample was spiked with 0.1 mL of a 
Rhodomonas culture, which was adjusted (based on microscope cell counts) to 4 × 105 cells mL-
1 to a final start concentration of 1 × 104 mL-1 of the target cells in the bioassay. Samples were 
then incubated for 3 h in the dark at 15 °C. Subsequently, samples were fixed with 2% Lugol’s 
iodine solution and concentration of intact target cells was determined. All counts were 
performed with an inverted microscope (Zeiss Axiovert 40C, Göttingen, Germany) in 2 mL 
counting chambers. The volume set up for cell counts was 0.5 mL. A sub-area of the chamber 
corresponding to at least 600 Rhodomonas cells in the control was counted. In order to quantify 
lytic effects, only intact cells of the target species were scored. 
The bioassay was performed in two different ways. For the “one-point” approach to even 
detect a minor decline of lytic activity, one concentration of sample was applied and percent 
mortality (by comparing cell number to a control) were calculated as a measure of lytic activity 
of the sample, and in these experiments, the supernatant was properly diluted before the 
experiment to have a start activity of the compounds close to 100% target mortality. For detailed 
quantification, a dose response curve was determined, which allows for a calculation of EC50 
concentration, i.e., the concentration of sample (as %, v/v) affecting 50% of the targets. As 
performing dose-response curves is rather time consuming, simple one-point measurements of 
target mortality was used in some of the following experiments.  
In one-point bioassays, mortality of Rhodomonas was calculated as:  
mortality = [1-(Rhofinal/Rhocontrol)]*100%, 
where Rhofinal is the experimental final Rhodomonas cell concentration, and Rhocontrol the final 
target cell concentration in controls. 
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When performing dilution series experiments, the percentage of intact Rhodomonas 
followed a sigmoidal decreasing pattern when plotted against logarithmic-scaled sample 
concentration (as %, v/v). Estimates of EC50, i.e., the volume of Alex2 supernatant yielding a 
50% decline in target cell concentration, were determined by fitting the data points to the 
following equation using the non-linear fit procedure of Statistica1 (Statsoft, Hamburg, 
Germany) for Windows: 
Nfinal = Ncontrol/[1 + (X/EC50)h] 
where Nfinal is the experimental final target percent intact cells (0–100%), Ncontrol the final target 
cell percentage in controls (100%), X the logarithmic-transformed percentage of volume of 
Alex2 supernatant in the 4 mL test system, and EC50 and h are fit-parameters. Results are 
expressed as EC50 (sample %) including 95% confidence intervals. 
For one-point measurements, t-test statistics with a significance level of 0.05 were used 
to identify significant differences between number of intact cells in samples and control, and 
also to compare replicate EC50 values. When single dilution curves were available, comparison 
of EC50 values was based on their 95% confidence intervals. 
 
Temporal stability 
 
Stability of lytic activity under normal culture incubation conditions was tested by filling 
24 glass vials (Wheaton, 20 mL) each with 15 mL of 1:10 diluted (with K-medium) supernatant 
and following the decline in activity over time with a one-point bioassay. Incubated samples 
were stored in a culture room at 15 ºC for 1, 4, 7 and 14 days, respectively. After each respective 
incubation period, six vials were removed; 3.9 mL sub-samples were taken without perturbation 
from three vials, whereas the other subset of three vials was shaken vigorously before sub-
sampling. A Rhodomonas bioassay of these sub-samples was performed as described above. 
A fully quantitative estimation of stability under normal culture conditions was then 
performed as follows: 500 mL of supernatant was prepared and apportioned into 5 × 100 mL in 
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100 mL Duran glass flasks. From one flask, lytic activity was quantified from an 11 point 
dilution curve (each dilution in triplicate). The other flasks (in duplicates) were stored under 
normal dinoflagellate culture conditions (as described herein). One of the two sets of flasks was 
kept dark by wrapping with aluminum foil. After 1, 2, 4, 7, 12, 20 or 49 days, sub-samples of 
each flask were taken after vigorously shaking the flasks to perform a bioassay and the activity 
was determined from an 11-point dilution curve (each dilution in duplicate). For the final 
sampling (after 49 days), samples from flasks held in the light had to be omitted because a low 
but substantial number of cells was present, which had obviously originated from a few cells 
still present in the culture supernatant. After 7 days, 1 mL sub-samples from each flask were 
fixed with formalin (2% final concentration) for determining bacterial abundance according to a 
standard technique with acridine orange staining (Hobbie et al., 1977). Stained bacteria were 
counted under an epifluorescence microscope (Zeiss Axiovert 2 Plus, Göttingen, Germany) with 
a 100× magnification oil immersion objective. At least 400 cells per filter (except for blank 
filters) were counted. 
 
Temperature stability  
 
Effects of freezing were tested by a quantitative comparison of lytic activity of 
supernatant before and after prolonged (3 month) storage at -20 °C in the dark. A total of 200 
mL supernatant was prepared and a standard bioassay to quantify lytic activity was performed 
(in triplicate) with a series of 9 dilutions. Subsequently, an aliquot of 50 mL of the remaining 
supernatant was stored in the freezer at -20 °C in a glass bottle. After 3 months storage, the 
sample was thawed at room temperature and lytic activity was quantified from a 9-point dilution 
curve (in triplicate). 
Frozen supernatant (90 mL at -20 °C) was lyophilized by a Freeze Dryer Beta I (Martin 
Christ, Osterode am Harz, Germany) at -20 °C and ca. 0.004 mbar vacuum. After three days, the 
lyophilized sample was re-dissolved in 90 mL water, and lytic activity was quantified by an 8-
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point dilution series bioassay and compared to untreated supernatant, which was stored at 4 °C 
during lyophilization.  
Short-term heat stability was tested by incubating 20 mL supernatant in 20 mL glass 
vials in duplicate at room temperature (ca. 20 ºC) as control, and at 60 and 95 ºC, each in a water 
bath for 15 min, respectively. The heated samples were rapidly cooled with ice to room 
temperature. From each sample, a Rhodomonas bioassay was performed as described above for 
the 9-point dilutions, with each dilution set up in triplicate. Based on the results of the first 
experiment, a second experiment was performed to test the long-term heat stability at 95 °C. 
Fifteen mL supernatant of another batch was incubated in duplicate in 20 mL glass vials in an 
oven at 95 °C for 1 and 2 days, respectively. After cooling the sample to room temperature, lytic 
activity was estimated with a one-point measurement of undiluted sample as described above. 
 
pH stability 
 
The effect of storage at different pH on extracellular lytic compounds was tested as 
follows. Fifteen mL of 1:10 diluted supernatant in duplicate were stored in 20 mL glass vials at 
pH ranging from 2 to 12. The pH was adjusted with NaOH (4 M and 0.1 M) and HCl (32% and 
3.2%). Samples were stored for 3 days in the dark at 15 °C, and then adjusted with NaOH and 
HCl to pH 8. The increase in volume due to this adjustment was always below 1 mL. The 
Rhodomonas bioassay was carried out by applying 2 mL sub-samples within the 4 mL bioassay 
system. 
 
Solubility 
 
Partitioning of lytic activity after solvent extraction was analyzed as a first step towards a 
chemical characterization. The prime task was to exclude the possible negative effect of n-
hexane. 10 mL supernatant from both Alex2 and Alex5 cultures harvested in stationary phase 
(ca. 20 × 103 cells mL-1) was extracted twice with 5 mL n-hexane (in triplicate); aqueous and n-
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hexane phases were separated by centrifugation (Eppendorf, 3220  g, 5 min, 15 °C), and then 
evaporated by rotary evaporation at 40 ºC (Rotavapor, Büchi, Flawil, Switzerland) to dryness. 
The aqueous phase residues were redissolved in 10 mL water, whereas n-hexane phase residues 
were brought up in 10 mL K-medium. A one-point (3.9 mL) bioassay of each sample was 
performed. Accordingly, 5 mL supernatant in a 50 mL plastic Sarstedt tube was mixed with the 
same volume of n-hexane in triplicate, and then the samples were centrifuged (3,220  g, 5 min, 
15 °C). Four mL of the n-hexane phase (top) and of the aqueous phase (bottom) were removed, 
and the 2 mL emulsion between the layers was also separately removed. All three phases were 
dried by rotary evaporation and n-hexane extracts and aqueous residues were dissolved in 4 mL 
K-medium or water, and the emulsion was taken up in 1 mL water and 4 mL K-medium, 
respectively. Bioassays were performed with a 6-point dilution series after sample storage at 4 
°C for 2 days. 
Fifteen mL Alex2 as well as Alex5 supernatant in triplicates were acidified with 1 and 
0.1 N HCl to pH 2.0. Then the samples were extracted three times with 5 mL n-hexane. The n-
hexane phase was removed without interrupting the inter-phase, and then dried by rotary 
evaporation, and finally dissolved in 15 mL K-medium. The remaining aqueous phase was dried 
by rotary evaporation, and dissolved in 15 mL water, and finally adjusted to pH 8.0 with 1 and 
0.1 N NaOH. One-point bioassays (3.9 mL) were performed with samples from both n-hexane 
and aqueous phases, with original Alex2 supernatant as positive control. 
Chloroform, dichloromethane, methanol and mixtures of these solvents, which are less 
hydrophobic, were tested in different ratios [chloroform or dichloromethane: methanol = 3:1; 
2:1; 1:1 (v/v)]. Twenty mL supernatant were mixed with 5 mL of each solvent combination, and 
subsequently centrifuged (3,220 × g, 5 min, 15 °C). Organic phases were carefully removed 
from the bottom with a pipette. The aqueous phase was extracted twice more with 5 mL each of 
the respective organic solvent, and then dried by rotary evaporation and dissolved in 20 mL 
water. The organic phases were combined and dried by rotary evaporation and finally dissolved 
in 20 mL K-medium. Lytic activity of both, organic and aqueous phases was measured by 
Rhodomonas bioassay with a 10-point dilution series. Similarly, to exclude the negative effect of 
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the organic solvents, the same procedure was performed with the culture medium as negative 
control, and a one-point (3.9 mL) bioassay was performed. 
 
Concentration of lytic compound(s) 
 
To concentrate lytic activity for further analysis, 30 mL supernatant were extracted three 
times with 5 mL chloroform/methanol [3:1 (v/v)] in triplicate. After evaporation to dryness, the 
residue of the organic phase was taken up in 3, 6, 15, 30 mL K-medium, respectively, to obtain a 
calculated 10, 5, 2, and 1-fold concentrated supernatant. Lytic activity was quantified with a 7-
point dilution series.  
 
Ultrafiltration 
 
Ultrafiltration was performed with an ULTRAN-MiniFlex cross flow system 
(Schleicher & Schuell MicroScience, Dassel, Germany) with a filter area of 24 cm2 per cassette, 
operated at a pressure between 1.0 to 1.8 bar. Ultrafiltration membranes PES 500 (cut-off 500 
kDa) and PES 5 (cut-off 5 kDa) (Schleicher & Schuell MicroScience, Dassel, Germany) were 
used. For the 500 kDa membrane, 200 mL supernatant were applied until the retentate reservoir 
was empty. The filtrate was collected in two separate aliquots of 100 mL. Lytic activity of these 
two filtrate fractions was tested by taking 3.9 mL sub-samples (in duplicate) for a one-point 
Rhodomonas bioassay. With the 5 kDa cut-off membrane, 120 mL Alex2 supernatant were 
applied to the system, and 100 mL filtrate was collected. The residue of 20 mL was 
subsequently made up with 100 mL K-medium. This procedure was repeated three times. Sub-
samples of 3.9 mL each were taken to estimate lytic activity in all four filtrates. A sub-sample of 
the first and fourth residue, as well as the supernatant batch applied to the PES 5 system, was 
tested with the Rhodomonas bioassay in a 9-point dilution series. 
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Gel permeation chromatography (GPC) 
 
Fifty mL of supernatant were extracted with chloroform/methanol [3:1 (v/v)] as 
described above, and the residue of the rotary-evaporated organic phase was dissolved in 5 mL 
water. The concentrated sample was applied to a Superdex 30 GPC column (Hiload 16/60, 
13,000 plates), with 40% methanol as eluent. Each run was performed for 120 min at a flow of 
1.15 mL min-1. For each run, 12 fractions were collected (10 min for each tube), and rotary-
evaporated to dryness. The residues were dissolved in 5 mL K-medium and incubated for two 
days. A one-point (3.9 mL) bioassay was performed as described above to determine lytic 
activity in each fraction, together with supernatant of the same batch as positive control. 
Subsequently, 150 mL supernatant was concentrated the same way to 15 mL, and was applied to 
the GPC column by injection in three subsequent portions. Corresponding fractions from all 
three runs were pooled and rotary-evaporated to dryness, and finally the lytic activity as well as 
supernatant of the same batch was tested via bioassay with a 7-point dilution series.  
 
Clean-up by solid phase extraction (SPE) 
 
Lytic compounds were extracted from the supernatant by reversed-phase SPE cartridge 
(LC-18, 500 mg/6 mL, Sigma-Aldrich, Deisenhofen, Germany). The cartridges were 
conditioned by 15 mL chloroform/methanol [3:1 (v/v)] and 15 mL 100% methanol and 
equilibrated with 15 mL water. First, in order to define a minimum volume of supernatant to be 
applied to SPE, a series of four volumes (10, 50, 100, and 200 mL) of supernatant were applied 
to SPE cartridges and each eluted with 10 mL water, 40% methanol, 100% methanol, and 
chloroform/methanol [3:1 (v/v)]. Based on the preliminary test, 100% methanol fractions were 
targeted, and dried by rotary-evaporation, re-dissolved in 5 mL K-medium and tested as a one-
point bioassay of undiluted sample for lytic activity. In the next experiments, 200 mL 
supernatant in triplicate as well as 200 mL K-medium serving as negative control were applied 
to the cartridges, and eluted with 10 mL water twice and subsequently with 20 mL of 20, 30, 40, 
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50, 60, 70, 80, 90, and 100% methanol, and finally with 10 mL chloroform/methanol [3:1 (v/v)]. 
Each eluate fraction except for first 10 mL sample load eluate (salt included) was dried by rotary 
evaporation and re-dissolved in 5 mL K-medium. Sub-samples of 3.9 mL each as well as the 
waste from the last 5 mL (195 to 200 mL) were tested as a one-point bioassay. Based on the 
results of the preliminary tests, the final SPE elution protocol was as follows: after sample (200 
mL supernatant) loading the cartridge was washed with 10 mL water, 10 mL 20% methanol, 20 
mL 50% methanol and 10 mL 80% methanol.  
In order to quantify the lytic potency of two lytic fractions eluted with diverse eluents 
gained from SPE, 200 mL supernatant was applied to one C-18 cartridge, and the eluates were 
collected every 20 mL. For the first 5 eluate collections, one-point (3.9 mL) bioassays were 
performed in duplicates, while a 4-point dilution curve (3.9, 2.0, 1.0, and 0.5 mL) was 
performed with last five eluate collections in duplicate. The loaded SPE column was eluted as 
the final protocol. 
The 10 mL water and the 10 mL 20% methanol fractions were combined and dried by 
rotary evaporation, and then were re-dissolved in 20 mL K-medium. To this H2O-20% methanol 
sample, a 5-point dilution series was performed including a negative control (K-medium) to 
exclude possible salinity effect on Rhodomonas. The 10 mL 80% methanol fraction was 
separated into 2 aliquots. After dried by rotary evaporation, one aliquot was dissolved in 5 mL 
K-medium, while the other was dissolved in 5 mL leftover of 180–200 mL eluate collection. 
Bioassay with a 6-point dilution series for both 80% methanol sample and 80% methanol mixed 
sample as well as supernatant of the same batch in duplicate was performed. 
 
Effects of SPE fraction storage conditions on lytic activity 
 
Lytic effects of SPE fractions maintained under different storage conditions prior to 
applying the bioassay were investigated by applying 800 mL supernatant to 4 SPE cartridges 
(200 mL each) and eluted as described before. All 80% methanol fractions were pooled and split 
into 4 sub-samples (10 mL each). One sub-sample was stored in 80% methanol (1) in the fridge 
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at 4 ºC. All other sub-samples were dried by rotary evaporation. One fraction was stored as dried 
sample (2), another re-suspended in 5 mL water (3) and the last sample (4) re-suspended in 5 
mL K-medium. After 2 days, aliquots (1) was rotary evaporated to dryness and then all aliquots 
were re-suspended in 10 mL K-medium. Immediately, a first bioassay was performed for each 
sample with a 6-point dilution curve in duplicate. All samples in culture medium were then 
stored in the fridge at 4 °C for an additional two days; thereafter new bioassays were performed 
with the same dilution series. 
 
Reversed phase HPLC  
 
HPLC was performed using an Agilent 1100 series (Agilent Technologies, Waldbronn, 
Germany) system. The LC-system consisted of a G1379A degasser, a G1311A quaternary 
pump, a G1229A autosampler, a G1330B autosampler thermostat, a G1316A column thermostat 
and a G1315B diode-array detector (DAD). Chromatographic conditions were as follows: 
mobile phase A: water; mobile phase B: methanol. The flow rate was 0.2 mL min-1 with the 
following gradient: 0 until 15 min, 5% to 100% B; isocratic 100% B until 27 min; 27 until 28 
min, 100% to 5% B; isocratic 5% B until 40 min (= total run time). The autosampler temperature 
was set at 25 °C and the injection volume was 100 µL. One liter supernatant of both Alex2 and 
Alex5 cultures was cleaned up by C18 SPE (500 mg/6 mL, Sigma-Aldrich, Deisenhofen, 
Germany). The 80% methanol fraction was collected, dried by rotary evaporation, and finally 
dissolved in 1 mL water. Before injection, the sample was spin-filtered (Eppendorf 5415R, 30 
sec, 15,000 × g, room temperature) by filter unit insert (0.45 µm, Durapore, Millipore). The 
separation of analytes was performed on a 50 × 2.0 mm i.d., 3 µm, Hypersil BOS C8 reversed-
phase column (Phenomenex, Aschaffenburg, Germany) equipped with a Phenomenex 
SecuriGuard pre-column. Based on preliminary result, eluate was collected very 1 min from 15 
to 20 min, and lytic activity was detected in each fraction. Accordingly, the target range was 
detected over the wave length range 190–400 nm. 
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Dry mass equivalent 
 
For the determination the dry mass equivalent of lytic activity, bioassays with dilution 
series were performed with supernatant, the lytic SPE fraction and the lytic HPLC fraction 
(details see above experiments). Based on the EC50 value, the corresponding volumes of the 
treatments were calculated. These respective treatment volumes were dried in a N2 stream and 
dry residues were weighed. 
 
2.2.4 Results 
 
Temporal stability 
 
After storage of diluted (1:10) cell-free culture supernatant in 20 mL glass vials under 
normal culture conditions (15 °C), lytic activity rapidly declined, with an almost 50% reduction 
after 4 days and a complete disappearance after 7 days (Fig. 1).  
Lytic activity was however easily reestablished by shaking the containers vigorously 
before removal of stored supernatant. Even after 14 days the apparent loss of lytic activity could 
be reestablished by shaking. With a vigorous shaking before sub-sampling, a detailed 
quantitative experiment on stability under normal culture conditions was then performed. For the 
initial sample, the dilution curve (Fig. 2A) yielded an EC50 value of 1.3% (1.2–1.4%; sample 
concentration in %). EC50 values determined after different storage time varied, but with an 
overall mean of 1.6% did not show any significant decrease in lytic activity over time, neither in 
flasks kept in the light nor in darkness (Fig. 2B). Bacterial concentration in the stored 
supernatant, as determined for Day 7, was high (light: 1.63 ± 0.35 × 107 mL-1: dark: 1.52 ± 0.19 
× 107 mL-1) and not significantly different between light and dark bottles (t-test, n = 2). 
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Fig. 1 Mortality of R. salina cells [%] exposed to supernatant stored for 1, 4, 7, and 
14 days at 15 ºC. Results expressed as triplicate mean ± 1 SD. 
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Fig. 2 Stability of lytic activity of supernatant after storage under culture conditions. 
(A) Initial dilution curve of supernatant. Intact R. salina cells (% of control) is 
plotted against concentration of sample (%, v/v) in the bioassay (log scale). Error 
bars represent triplicate means ± 1 SD. (B) time course of EC50 values of samples 
stored in light (hatched bars) or dark (grey bars). Bars represent duplicate mean ± 1 
SD. 
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Temperature stability  
 
As shown above, lytic compounds are stable at room temperature and also did not lose lytic 
activity upon freezing. After storage at -20 °C for three months, lytic activity was still high (Fig. 
3) with only minor losses compared to a sub-sample measured before freezing.  
 
 
 
Fig. 3 Intact cells of R. salina (% of control) exposed to a dilution series of 
supernatant before (grey dots) and after 3 months storage at -20 °C (white dots). 
Symbols represent triplicate mean ± 1 SD. Fig. insert shows corresponding EC50 
values (95% confidence interval). 
 
Supernatant could also be lyophilized without losing activity; the EC50 value of 
lyophilized and re-dissolved sample was 0.4% (0.4–0.5%), which was only a slight decrease 
compared to untreated original supernatant [EC50 = 0.3% (0.3–0.3%)]. With respect to heat 
stability, when exposed to higher temperature (95 °C) for 15 min the lytic activity of A. 
tamarense supernatant decreased significantly [EC50 = 46.3% (38.8–55.3%)], but only slightly 
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decreased at 60 °C [EC50 = 1.5% (1.5–1.6%)] in comparison to room temperature [EC50 = 1.1% 
(1.0–1.3%)]. Lysis of Rhodomonas was still visible with samples heated to 95 °C, but 98% of 
the activity was lost. In undiluted samples, lytic activity was  still present when samples were 
stored for 1 day at 95 °C (Rhodomonas mortality: 97 ± 0.1%); after two days at 95 °C, no lytic 
activity was detected (data not shown; cell numbers of sample not significantly different from 
control, t-test, n = 2). 
 
pH stability 
 
Lytic activity of a 1:10 diluted supernatant was detected in all samples stored for 3 days 
at various pH ranging from 2 to 12. Maximum lytic activity was observed at pH 8 and lytic 
activity decreased with higher and lower pH, but did not disappear completely (Fig. 4). 
 
Solubility  
 
Liquid-liquid partitioning between aqueous supernatant and n-hexane revealed formation 
of a stable emulsion between the aqueous and n-hexane phase, which did not disintegrate even 
after prolonged time. This emulsion layer was therefore also sampled for quantification of lytic 
activity. Highest lytic activity [EC50 = 6.7% (5.3–8.3%)] was indeed found in this layer, whereas 
no activity was detected in the n-hexane phase. Lytic activity in the aqueous phase was 
intermediate [EC50 = 16.8% (9.4–30.0%)] but reproducibility among replicates was rather poor. 
Generally, lytic activity recovered from liquid-liquid partitioning was only about 10% of the 
lytic activity of the original supernatant [EC50 = 0.5% (0.5-0.5%)]. No lytic activity was detected 
in any fraction of negative controls from non-lytic strain Alex5 culture supernatant (data not 
shown). 
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Fig. 4 Mortality of R. salina cells (%) exposed to supernatant (1:10 diluted) after 3-
day storage at pH 2 to 12 at 15 ºC. Samples were re-adjusted to pH 8 before 
performing the bioassay. Results expressed as duplicate mean ± 1 SD. sup. = 
supernatant (positive control). 
 
When the supernatant was pre-acidified to pH 2, and then extracted with n-hexane, the 
mortality of Rhodomonas in response to the n-hexane phase was still not different from the 
control (data not shown). However, the lytic activity in the remaining aqueous phase was also 
extremely low, and with poor reproducibility, the one-point (3.9 mL) mortality of Rhodomonas 
was 42.0 ± 41.9% (n = 3), at least 10-fold lower than with the original supernatant (at 1:10 
dilution yielded mortality of 100 ± 0% (n = 3). Both the n-hexane phase and aqueous phase from 
Alex5 showed no apparent difference from control (data not shown).  
When using extraction solvents with intermediate polarity, both dichloromethane-
methanol and chloroform-methanol, did extract components with lytic activity from the aqueous 
phase. With dichloromethane-methanol mixtures, little but significant activity was still detected 
in the aqueous phase (Fig. 5A). Lytic activity was completely removed from aqueous phase with 
chloroform-methanol in a 3:1 mixture (Fig. 5B). When compared to the original supernatant 
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(EC50 = 0.2%) a slight loss of lytic activity was observed for all liquid-liquid partitioning 
experiments. The lack of detectable lytic activity in negative control samples (K-medium, data 
not shown) excluded any solvent effects. 
 
Concentration of lytic compound(s) 
 
Attempts to concentrate lytic activity by taking up methanolic extracts in less volume 
than the original supernatant were partially successful. When compared to untreated supernatant, 
methanol extraction and re-suspension in the same volume yielded >40% loss of activity (Fig. 
6). However, lytic activity increased almost linearly in samples re-suspended in a reduced 
volume, with lytic activity nearly reaching 300% of the untreated supernatant in the five-fold 
concentrated sample. Further concentration did not to apparently increase lytic activity per unit 
volume, and reproducibility of the activity of the highest concentrated samples was poor. 
 
Ultrafiltration 
 
The mass range of the lytic compounds was estimated via ultrafiltration with 5 kDa and 
500 kDa cut-off membranes. When small volumes of supernatant (e.g., 20 mL) were initially 
applied to the ultrafiltration unit with a cutoff 500 kDa membrane, no activity was detected in 
the filtrate (results not shown).  
However, when 100 mL supernatant were passed through a 500 kDa membrane, activity 
was found in the initial filtrate and increased in filtrates of subsequent runs (Fig. 7A). 
Ultrafiltration through a 5 kDa cut-off membrane showed no significant activity in any of the 
four filtrates, even though four x 100 mL of supernatant were subsequently filtered (Fig. 7B). 
Lytic activity in residues after 5 kDa ultrafiltration was considerably lower compared to 
untreated supernatant (Fig. 8). A drastic decrease was observed between supernatant (EC50 = 
0.8%) and the residue of the first run (EC50 = 6.1%), whereas subsequent ultrafiltration runs did 
not yield a further decrease of lytic activity (EC50 = 4.9%). 
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Fig. 5 Intact cells of R. salina (% of control) exposed to dilution series of 
supernatant (black dots) or to organic phase (white symbols) and aqueous phase 
(grey symbols) of supernatant extracted with organic solvents with various 
composition and ratio. (A) dichloromethane: methanol; (B) chloroform: methanol. 
AP = aqueous phase; OP = organic phase. 
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Fig. 6 Intact cells of R. salina (% of control) exposed to dilution series of 
supernatant (grey dots) or to chloroform-methanol [3:1 (v/v)] extracted supernatant 
at 4 concentrations. Results expressed as triplicate mean ± 1 SD. 
 
Gel permeation chromatography (GPC) 
 
When 5 mL of concentrated supernatant (extracted from 50 mL supernatant by 
chloroform-methanol (3:1) and concentrated to 5 mL) were applied to a Superdex 30 gel 
permeation column for size determination, lytic activity was primarily found in Fraction 3 and to 
a lesser extent in Fraction 4 (Fig. 9). These were the first fractions collected after the void 
volume. Quantitative evaluation of the GPC method revealed very poor recovery of lytic 
activity. An equivalent to 150 mL supernatant (extracted and concentrated to 15 mL) was 
injected in 3 subsequent runs and pooling of the corresponding fractions allowed for a detailed 
quantification of lytic activity by preparing dilution curves. Corresponding EC50 values 
[Supernatant = 2.2% (2.0–2.5%); GPC fraction = 7.3% (6.4–8.3%)] indicate that only 1% of the 
activity was recovered after GPC. 
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Fig. 7 Mortality of R. salina cells exposed to supernatant ultrafiltrate or to 
supernatant of the same batch (positive control). (A) 500 kDa cutoff filtrate; 100 mL 
1 = first 100 mL filtrate of 100 mL supernatant; 100 mL 2 = second 100 mL filtrate 
of 100 mL supernatant. (B) 5 kDa cutoff filtrate; 100 mL 1 = first 100 mL filtrate of 
120 mL supernatant; 100 mL 2 = second 100 mL filtrate of 120 mL supernatant; 100 
mL 3 = third 100 mL filtrate of 120 mL supernatant; 100 mL 4 = fourth 100 mL 
filtrate of 120 mL supernatant. Results expressed as duplicate mean ± 1 SD. 
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Fig. 8 Intact cells of R. salina (% of control) exposed to dilution series of 
supernatant (grey dots) or residues from 5 kDa ultrafiltration from the first and 
fourth run of filtration (see text). Results expressed as duplicate mean ± 1 SD. 
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Fig. 9 Mortality of R. salina cells (%) exposed to fractions collected after gel 
permeation chromatography. The first two fractions correspond to the column void 
volume. 
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Clean-up by solid phase extraction (SPE) 
 
Initial clean-up experiments on the cell-free culture supernatant by reversed phase SPE 
C-18 cartridge yielded no apparent mortality of Rhodomonas cells after treatment with 100% 
methanol SPE eluent of sample loading volumes up to 100 mL.  
Yet 100% mortality of Rhodomonas cells was observed when at least 200 mL of 
supernatant were loaded onto the SPE cartridge. Sequential elution of the SPE cartridge with 
eluents of increasing (10% increments) methanol content revealed two distinct fractions 
containing lytic activity. An initial hydrophilic fraction contained lytic activity spread over the 
five mL (195 to 200 mL) of the sample load eluate, the water wash and the 20% methanol 
fraction. Fractions containing 30 to 50% methanol did not show any lytic activity. A second 
more lipophilic fraction with lytic activity was detected in the eluates with 60% to 80% 
methanol (Fig. 10).  
Lytic activity appeared in the sample load eluate only after 40 mL supernatant was 
applied (Fig. 11). Interestingly, the EC50 of the sample load eluate, separately measured for 
consecutively collected fractions (20 mL each), did not change (Fig. 11). With an average EC50 
of 20.3%, lytic activity in the sample load eluate accounted for about 2% of the total lytic 
potency of the supernatant. The 80% methanol Fraction 2 was much more lytic (EC50 = 1.0%) 
than the water-20% methanol Fraction (EC50 = 29.9%) (Fig. 12). When taking the different 
volumes into account, the lytic activity of Fraction 2 was about 2.5% of the total lytic activity of 
200 mL supernatant (EC50 = 0.5%) applied to the SPE cartridge. Total loss of activity after SPE 
was calculated as 96%. Re-dissolving Fraction 2 in the sample load eluate did not significantly 
increase lytic activity, indicating that there is no major synergistic effect of lytic compounds of 
the separate fractions. Eluates from SPE of supernatant of a culture of the non-lytic clone Alex5 
(negative control) yielded no lytic activity (not shown), therefore sample treatment artifacts 
causing cell lysis of Rhodomonas can be excluded.  
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Fig. 10 Mortality of R. salina cells (%) exposed to different eluate fractions obtained 
after reversed phase solid phase extraction (SPE) of 200 mL supernatant (Alex2, 
grey bar) or 200 mL K-medium (negative control, KM (K-medium), black bar): 
195–200 = last 5 mL sample load eluate; H2O = water wash; 20–100% = percentage 
of aqueous methanol; CHCl3-MeOH = 1:1 (v/v) mixture of chloroform/methanol; 
Sup = untreated supernatant (positive control). Results expressed as triplicate mean ± 
1 SD. 
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Fig. 11 R. salina cells exposed to consecutive eluate fractions (as indicated below 
the bars) of reversed phase solid phase extraction (SPE) of 200 mL supernatant or 
exposed to untreated supernatant (positive control). (A). R. salina cell mortality from 
one-point bioassay. (B). EC50 and 95% confidence interval. Results expressed as 
duplicate mean ± 1 SD. 
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Fig. 12 Intact cells of R. salina (% of control) exposed to different eluate fractions of 
200 mL supernatant obtained with reversed phase solid phase extraction (SPE) or to 
dilutions of untreated supernatant (black dots, positive control): 80% MeOH = 5 mL 
aliquot of 80% methanol fraction, evaporated and dissolved in 5 mL K-medium; 
80% MeOH mix = 5 mL aliquot of 80% methanol fraction evaporated and dissolved 
in 5 mL of last 20 mL sample load eluate; H2O-20% MeOH combined = 10 mL 
water and 10 mL 20% methanol fraction evaporated and dissolved in 20 mL K-
medium. Results expressed as duplicate mean ± 1 SD. 
 
Effects of SPE fraction storage conditions on lytic activity 
 
Storage of lytic active eluates from reversed phase SPE in seawater-base culture medium 
yielded markedly different effects, depending upon the specific storage conditions. Re-
suspension of dried SPE fraction in seawater based K-medium resulted in higher lytic activity 
(lowest EC50 value, Table 1) than for fractions kept for two days as dry residue or in 80% 
aqueous methanol. In contrast, storage of SPE fractions in deionized water drastically decreased 
lytic activity in the subsequent bioassay to such an extent that EC50 was almost one tenth of the 
lytic activity of fractions stored in K-medium (Fig. 13A, and Table 1). However, after additional 
2 days stored in seawater culture medium, lytic activity of this sample was largely restored (Fig. 
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13B and Table 1). A comparable but smaller increase in lytic activity upon additional storage in 
seawater (significant for the treatment “dryness”) was observed for the two other samples.  
 
Reversed phase high performance liquid chromatography (HPLC) 
 
Reversed phase chromatography of SPE pre-cleaned supernatant (80% methanol eluate) 
on a lipophilic C8 phase yielded an active fraction between 18 and 19 min. None of the other 
fractions collected in one minute increments showed any lytic activity in the Rhodomonas 
bioassay. The 18 to 19 min window of the chromatogram also revealed a peak in the diode array 
detector (DAD). The UV spectrum of this peak had an absorption maximum at 236 nm. 
However, the same UV spectra were also observed in neighboring peaks, which showed no lytic 
activity of the lytic Alex2 supernatant, or of the same chromatographic region of the non-lytic 
Alex5 supernatant.  
 
Dry mass equivalent 
 
The EC50 was reached with 1.9 mg (1.7–2.1 mg) of dried supernatant. After clean-up by 
reversed phase SPE, the EC50 was equivalent to 78 µg (60–101 µg) of the 80% methanol 
fraction. The same activity was achieved with 31 µg (28–34 µg) of the lytic HPLC fraction (18–
19 min). These results indicated that 96% of interfering substances in the supernatant were 
removed by the SPE clean-up. Salt removal from the supernatant mainly contributes to this 
reduction of dry mass equivalent. Further separation by C8 HPLC additionally excluded 
approximately another 60% of dry mass not related to lytic activity. 
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Fig. 13 Intact cells of R. salina (% of control) exposed to four 80% methanol SPE 
fractions of supernatant, each stored at different conditions (for explanation see 
text): 80% MeOH = unchanged; H2O = solvent evaporated and re-dissolved in 
deionized water; K-Medium = solvent evaporated and re-dissolved in K-medium; 
Dryness = solvent evaporated. (A) after 2 days storage; (B) after additional 2 days 
storage in K-medium. Results expressed as duplicate mean ± 1 SD. 
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Table 1 EC50 (sample %) and 95% confidence intervals for SPE lytic fraction 
dissolved and stored in four different ways. 
 
 
2.2.5 Discussion 
 
Species of the genus Alexandrium are well known for their production of biologically 
active secondary metabolites. For some of these compounds, particularly the neurotoxins 
associated with paralytic shellfish poisoning (PSP) (saxitoxin and derivatives) and the 
macrocyclic imine toxins spirolides, both the chemical structures and toxicity are well known, 
mainly because these compounds are toxic to mammals. In contrast, other compounds are well 
described in terms of their bioactivity toward ecologically meaningful targets (e.g., lytic activity 
against accompanying protists), but detailed structural information is completely lacking. 
Whereas the known phycotoxins (PSP, spirolides) are mainly stored inside the cells, the toxicity 
of Alexandrium to other protists is caused by lytic compounds leaked or excreted to the medium, 
facilitating direct contact to competing and interacting protistan species. Consequently, in our 
attempts to characterize allelochemicals of A. tamarense with lytic effects on marine protists, we 
exclusively focused on extracellular compounds to be found in the culture medium. This 
approach is justified per se by the term “allelopathy”, coined by Molisch (2001) as defining 
effects through the production of chemicals that are released into the environment to affect other 
species, and by the notion that compounds enclosed inside cells cannot directly affect co-
existing planktonic species in the absence of cell lysis (death). The high ecological relevance of 
investigating potential allelochemicals in the extracellular matrix, however, is saddled with all 
Treatment EC50 (%) pre-treatment EC50 (%) after treatment 
80% methanol 3.4 (2.8–4.2) 2.8 (2.7–2.9) 
Water 22.2 (19.4–25.4) 5.0 (4.3–5.8) 
K-medium 2.1 (1.9–2.3) 2.3 (1.9–2.8) 
Dryness 4.1 (3.5–4.7) 2.6 (2.6–2.7) 
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the disadvantages associated with extracting diluted metabolites from aqueous media such as 
seawater. In order to gain a maximum concentration of lytic compounds in the cell-free fraction, 
we sampled dense, stationary cultures, which have been shown to contain highest lytic activity 
(Publication I, chapter 2.1). Centrifugation to separate cells and cell-free supernatant was 
preferred because filtration was shown to drastically reduce lytic activity (Publication I, chapter 
2.1), probably due to both filter pore-size restriction and adsorption to filter material.  
The successful search for allelochemicals is also highly dependent upon the appropriate 
choice of bioassay to follow biological activity. Rather than the commonly used brine shrimp or 
mammalian cell lines, we selected the small cryptophyte Rhodomonas salina, which co-occurs 
with Alexandrium in coastal marine systems and thus is an ecologically relevant bioassay 
organism. Furthermore, previous experiments (Tillmann et al., 2007; Tillmann et al., 2009b) 
have shown that R. salina is rapidly susceptible to easily quantifiable allelochemical interactions 
with other protists and can therefore serve to follow bioactivity for physico-chemical 
characterization. 
Previous attempts to purify and isolate these allelochemical compounds by classical 
bioassay-driven fractionation often resulted in loss of activity and erratic and irreproducible 
results. For this reason we decided to carefully characterize the properties and behavior of these 
compounds before starting their isolation. As a prerequisite for effective bioassay-guided 
fractionation it is necessary to obtain basic information on physico-chemical properties of the 
target compounds. The stability of the compounds, or more precisely the stability of the 
biological effect quantified with the bioassay is important. For example, toxic compounds of the 
haptophyte Prymnesium parvum have been shown to rapidly degrade with time, especially under 
the influence of light (Parnas et al., 1962; Shilo, 1981). Lability of compounds is likely to have 
also exacerbated identification of potential toxins produced by the putatively toxic dinoflagellate 
Pfiesteria piscicida (Moeller et al., 2007). In contrast, the high stability of extracellular lytic 
compounds from A. tamarense under moderate conditions (e.g., normal room temperature and 
ambient light) significantly relaxes requirements for further treatment for purification and 
identification. Heat stability of lytic activity was also high; almost no loss of activity after 
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heating at 60 °C indicates that enzymatic activity is not likely involved in lysing target cells. 
Moreover, temporal stability in the presence of bacteria (Fig. 2B, Day 7) showed that lytic 
compounds are refractory to bacterial degradation (at least of the bacterial consortium typically 
present in the culture medium). From an ecological point of view, this stability is important 
because it increases the probability that biologically active threshold concentrations of these 
compounds in the water are reached and maintained for the benefit of the producing organisms. 
Perhaps surprisingly given the complexity of the probable macromolecular structures 
lyophilization of supernatant hardly altered the lytic activity after re-suspension in culture 
medium. Yet the lytic effect of cell-free supernatant appeared to rapidly decrease (Fig. 1) when 
samples were collected with minimal physical disturbance, whereas after vigorous shaking lytic 
activity was fully recovered. This finding may accord with an observed “loss” of hemolytic 
activity of putative toxins of the haptophyte Prymnesium parvum, depending on the 
surface/volume ratio of different storage containers (Ulitzur, 1973), which was explained by a 
movement of monomers of these amphipathic molecules to the surface. 
Amphipathic compounds, such as detergents and surfactants, are generally large 
molecules composed of an ionic or non-ionic polar head and a hydrophobic part, which promote 
the formation of aggregates (micelles, bilayers, monolayers, hexagonal or cubic phase) in 
aqueous media. Most important, physico-chemical behavior and properties of amphipathic 
compounds are strongly modulated by self-association or by their binding to other lipophilic 
aggregates. Monomers and aggregates can be interconverted as a function of pH, temperature, 
ionic strength, and concentration of the compounds (Schreier et al., 2000), the latter being 
described by the critical micelle concentration below which compounds mostly occur as 
monomers. 
Bioactive compounds from other toxic marine flagellates, including species of 
Prymnesium, Amphidinium and Karlodinium, have been shown to behave like amphipathic 
molecules (Ulitzur, 1973; Satake et al., 1991; Deeds et al., 2002), which also seems to be the 
case for the lytic compounds of Alexandrium. In addition to the observed loss of activity after 
filtration (Publication I, chapter 2.1) and the “pseudo-loss” of undisturbed and low-concentrated 
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samples, the observed high lytic activity of the emulsion between aqueous and n-hexane phase 
after liquid-liquid partition is a strong indication for amphipathic compounds. Likewise, 
attempts to estimate molecular size are largely hampered for micelle-forming compounds. The 
loss of activity after filtration using small pore-sized filters, appearance of lytic activity in the 
first fraction of gel permeation chromatography and lack of activity after 5 kDa ultrafiltration 
are indications that the lytic agents are unusually large complexes because of micelle formation.  
Fatty acids have been reported to be associated with hemolytic, antibacterial or anti-algal 
effects in several dinoflagellate species (Uchida et al., 1988; Yasumoto et al., 1990; Arzul et al., 
1995; Hiraga et al., 2002). However, n-hexane extraction of acidified supernatant did not show 
any lytic activity in the bioassay, from which we conclude that fatty acids alone are not 
responsible for Alexandrium extracellular lytic activity. 
The results further show that, although temporal stability of the compounds is high, 
substantial losses seem to be unavoidable during purification. This may be generally explained 
by a “stickiness” of the compounds to various surfaces, as has been described for filter material 
(Publication I, chapter 2.1) and differentially for plastic containers compared to glass 
(unpublished data). A high adsorption of bioactive compounds to various materials has also been 
observed for karlotoxins (Bachvaroff et al., 2008) and might be explained by high charge of the 
micelle surface, yet another indication of the amphipathic nature of these compounds.  
It is also interesting to consider how storage conditions affected lytic activity. 
Pretreatment of the partly purified lytic fraction in seawater – compared to ion-free water or 
different solvents - increased the activity (Fig. 13). A similar phenomenon is described for 
Prymnesium toxins. When Prymnesium toxin B was diluted in methanol, ethanol or chloroform-
methanol (2:1, v/v), or distilled water, the resultant hemolytic activity was approximately 10-
fold decreased when compared to the sample dissolved in 0.85% NaCl (Ulitzur, 1973). Ions thus 
are able to modify lytic activity of amphipathic compounds, probably by affecting the solubility 
of relatively non-polar compounds in water or their partitioning between water and organic 
solvents (Collins and Washabaugh, 1985). 
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Apparently, two distinct lytic fractions with different polarity (high polarity: eluted with 
20% methanol; low polarity: eluted with 80% methanol) were separated via reverse SPE (Fig. 
10). EC50 values of both fractions indicate that lytic activity of the less polar fraction was about 
15 fold higher. The fact that some lytic activity already appears very early in the sample load 
eluate (Fig. 11) is a strong indication that this fraction is very hydrophilic and hardly retained on 
the lipophilic material of the C-18 SPE cartridge. This hypothesis is supported by the 
observation that the amount of lytic activity in the waste did not change after an initial increase 
(no mortality in the first 40 mL, and then 100% mortality thereafter) and accounts for only a 
minor part (ca. 2%) of total activity of the supernatant. In contrast the less polar fraction could 
only be detected after loading more than 100 mL sample to the C-18 SPE cartridge suggesting a 
very strong absorption of this fraction to the cartridge material.  
Nevertheless, more than 95% of total activity of the supernatant applied to SPE could not 
be eluted from the column. It is unlikely that this loss was caused by nullifying synergisms of 
two different compounds now separated into two different fractions, as simple mixing of the two 
fractions did not significantly increase the lytic activity. A strong adsorption of the non-polar 
fraction to C-18 material, as has been found for all kind of surfaces, might be responsible for the 
large loss. 
The fact that lytic activity elutes in a discrete retention window between 18 and 19 
minutes from a reversed C8 phase but does not show any specific absorption of UV radiation, 
may be explained by two alternative hypotheses: 1) lytic compounds are active at very low 
concentrations and coelute with compounds unrelated to lytic activity on this chromatographic 
system, or 2) lytic compounds belong to a suite of chemically similar (but non-lytic) compounds 
and only small modifications, which do not result in altered UV absorption, are responsible for 
lytic activity. Both hypotheses will have to be tested in future work. 
A still unresolved problem is the loss of activity after purification and separation of 
supernatant. Similar effects have been described for karlotoxins produced by Karlodinium spp. 
and for postulated exotoxins produced by Pfiesteria piscicida. Whereas karlotoxins have a high 
affinity to organic polymers, to such an extent that they can be extracted from aqueous media by 
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filtration over polymer filters and eluted with methanol (Bachvaroff et al., 2008), the proposed 
Pfiesteria toxins consist of a metal complex and toxicity seems to be caused by production of 
free radicals and redox reactions (Moeller et al., 2007). Both characteristics, even though similar 
to karlotoxins and the bioactive components of Pfiesteria, can be excluded for lytic compounds 
from Alexandrium. The loss of activity after contact with organic polymeric material like SPE 
cartridges or filters is irreversible (in contrast to karlotoxin). On the other hand there is some 
parallel to the bioactive components of Pfiesteria because of the evidence that metals may play a 
role in Alexandrium lytic activity. This is supported by the fact that lytic fractions incubated in 
seawater-base culture medium show higher activity than fractions incubated in deionized water 
prior to the bioassay. Unlike for Pfiesteria, Alexandrium lytic activity is very stable and does not 
degrade easily, indicating that the bioactive agents of Pfiesteria and Alexandrium and their 
physico-chemical properties are completely different.  
There are three other recent studies dealing with exotoxins of the genus Alexandrium. A 
heat-labile exotoxin which showed potent toxic effect on brine shrimp (Artemia salina) has been 
reported from A. minutum (Lush et al., 2001), and a hemolytic exotoxin of A. taylori has been 
described as proteinaceous, with a molecular weight of more than 10 kDa (Emura et al., 2004). 
A novel high molecular weight (about 1,000 kDa) exotoxin (both hemolytic and cytotoxic) was 
reported from A. tamarense as most likely a polysaccharide-based compound (Yamasaki et al., 
2008). The molecular weight estimated by Yamasaki et al. (2008), however, could not be 
confirmed by our study, as lytic activity could be detected in the 500 KDa cut-off membrane 
filtrate. This might be due to the difficulties to correctly estimate molecular size of amphipathic 
compounds, or to the presence of different compounds in different species and/or strains of 
Alexandrium. Both Emura et al. (2004) and Yamasaki et al. (2008) used hemolytic and 
cytotoxicity assays in the search for novel ichthyotoxic compounds produced by blooms of 
Alexandrium species and affecting fish stocks in aquaculture. These studies did not specifically 
address or test for bioactive compounds associated with allelochemical interactions among 
protists. It is therefore not unlikely that the compounds represented by these previous studies 
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have different properties and are unrelated to the lytic compounds we tested for in our 
Rhodomonas bioassay. 
 
2.2.6 Conclusions 
 
Analysis of physico/chemical characteristics of extracellular lytic compounds produced 
by A. tamarense indicate that these allelochemicals behave like amphipathic compounds. 
Although temporal stability is high, a large molecular- or aggregate-size and high adsorption 
caused massive loss of activity during various purification steps. Nevertheless, although the 
exact chemical nature of lytic compounds produced by Alexandrium spp. is still open, we now 
have the knowledge and tools to handle and prepare larger amounts of samples for further 
purification through high performance liquid chromatography (HPLC) needed for structural 
elucidation by mass spectrometric techniques (MALDI-TOF or LC-MS/MS) and nuclear 
magnetic resonance (NMR) spectroscopy. 
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2.3 Large non-proteinaceous allelochemicals produced by 
Alexandrium tamarense – complementary results for 
characterization of lytic compounds from A. tamarense 
 
2.3.1 Abstract 
 
In this study, we continued characterizing allelochemicals produced by harmful 
dinoflagellate Alexandrium tamarense. Our emphasis was put on the less polar compounds, 
which eluted with 80% methanol from reversed phase SPE, because of their higher lytic activity. 
We further purified the SPE fraction via both C8 HPLC and HILIC. Through MALDI-TOF we 
compared the mass differences between the lytic and non-lytic strain in SPE, C8 HPLC, and 
HILIC fractions. Two small unique masses, 1061.6 Da and 1291.6 Da were found in lytic but 
not in non-lytic SPE fractions. However, either HPLC or HILIC excluded that these two masses 
are related to the lytic activity. Several unique large masses range from 7 kDa to 15 kDa were 
found in HILIC lytic fraction. Tryptic digestion and tryptic digestion-coupled SEC suggested 
that the lytic compounds are large non-proteinaceous molecules but smaller than 22.3 kDa. 
Although the large masses found in the HILIC fraction have not been proven to be lytic, the 
mass range deduced from SEC suggested that this is indeed the case. Total sugar content 
analysis indicated that the lytic HILIC fraction contained two-fold more sugar than the non-lytic 
one, but the percentage of sugar in dry mass equivalent was rather low, indicating the major 
composition of the lytic compounds is also not primarily based on sugar residues. We concluded 
that one group of the allelochemicals produced by A. tamarense are a suit of large non-
proteinaceous, and probably non-polysaccharide compounds larger than 7 kDa. 
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2.3.2 Introduction 
 
Research on allelopathy in aquatic environments is quite limited compared to terrestrial 
systems. In marine systems, special attention is paid to allelopathy among harmful algae blooms 
(HAB) species, because HAB species often affect human activity, such as public health, 
aquaculture and tourism. Allelopathy is believed to play a crucial role in bloom formation and 
succession of those species (Pratt, 1966; Keating, 1977; Rice, 1984; Lewis Jr., 1986; Wolfe, 
2000; Rengefors and Legrand, 2001; Vardi et al., 2002; Fistarol et al., 2003; Legrand et al., 2003; 
Fistarol et al., 2004; Suikkanen et al., 2005). As defined, allelopathy is an evolutionary strategy 
which helps the producers overcome other competitors for limited resources, such as space, 
nutrients, light, water, etc.. For marine microalgae, some allelopathic substances may represent 
chemical agent to deter predators like heterotrophic protists, tintinnid ciliates and copepods. 
Based upon early work some structurally well identified phycotoxins were suspected to 
also act as allelochemicals, and thus much further research was carried out in this direction. 
Diarrheic shellfish poisoning (DSP) toxins, okadaic acid (OA) and dinophysistoxin-1 (DTX-1), 
were reported to effectively inhibit the growth of several microalgae (Windust et al., 1996; 
Windust et al., 1997). However, later studies (Sugg and VanDolah, 1999) found that other 
compounds must be involved in the toxic effect of the filtrate from the dinoflagellate 
Prorocentrum lima, an OA producer. Brevetoxins, from the well-known fish-killing 
dinoflagellate Karenia brevis, are not responsible for the allelopathic effects investigated in this 
species, although they slightly inhibit the growth of the diatom Skeletonema costatum (Kubanek 
et al., 2005). Recent research suggested that K. brevis produces multiple allelopathic compounds 
other than brevetoxins that are inhibitory towards the diatom Asterionellopsis glacialis (Prince et 
al., 2010). 
Actually, most allelochemicals from HAB species are unknown, and only few have been 
identified (Granéli et al., 2008a; Granéli et al., 2008b). One allelopathic effect is the direct lysis 
of target species membranes, thus toxins with hemolytic and/or ichthyotoxic capacity were 
suspected to have an allelopathic effect. Prymnesins 1 and 2, polyoxy-polyene-polyethers, 
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excreted by Prymnesium parvum (Igarashi et al., 1998), are believed to perforate cell 
membranes of other phytoplankton species and grazers, and can even cause fish kills. Similarly, 
glycosylglycerolipids with ichthyotoxic and hemolytic potential were found in the fish-killing 
algae Chrysochromulina polylepis and Karenia mikimotoi (Yasumoto et al., 1990). Karlotoxins 
(KmTxs) with hemolytic activity from Karlodinium veneficum  were found to inhibit the growth 
of several phytoplankton species, including three raphidophytes (Heterosigma akashiwo, 
Fibrocapsa japonica and Chattonella subsalsa), two dinoflagellate species of the genus 
Pfiesteria, a cryptophyte (Storeatula major) (Adolf et al., 2006), and the dinoflagellate grazer 
Oxyrrhis marina (Adolf et al., 2007). The allelochemicals of H. akashiwo inhibiting its diatom 
competitors Skeletonema costatum and Thalassiosira rotula were recently identified as high-
molecular weight polysaccharide-protein complexes (Yamasaki et al., 2009). 
Allelopathy is widely found among Alexandrium spp. acting upon other microalgae 
(Blanco and Campos, 1988; Arzul et al., 1999; Fistarol et al., 2004; Tillmann et al., 2007; 
Tillmann et al., 2008) and towards heterotrophic protists (Hansen, 1989; Hansen et al., 1992; 
Matsuoka et al., 2000; Tillmann and John, 2002). However, quite limited information is 
available about the allelochemicals produced by A. tamarense. According to former results (Ma 
et al., 2009), the major allelochemicals produced by A. tamarense are large, amphipathic 
compounds with complex secondary structure, and lytic activity is apparently unrelated to the 
known toxins produced by this genus, namely PSP toxins (Tillmann and John, 2002) or 
spirolides (Tillmann et al., 2007). Here we continue to characterize these allelopathic 
compounds produced by A. tamarense by mass spectrometric techniques. For the identification 
of candidate masses of compounds related to lytic activity, we compared the corresponding 
purified fractions of the lytic and non-lytic strain.  
 
2.3.3 Materials and Methods 
 
Cell culture 
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One clonal isolate of Alexandrium tamarense (Alex2) was selected as the source of lytic 
compounds (Ma et al., 2009). In some of the following experiments, another isolate of this 
collection (Alex5), which does not produce lytic compounds in measurable amounts (Tillmann 
et al., 2009b), was used as a negative control. Rhodomonas salina (KAC30) was served as target 
species to monitor the lytic activity in every isolation steps, and all kinds of treatments. 
 
Further isolation and purification  
 
Reversed phase high performance liquid chromatography (HPLC) 
 
A reversed phase SPE fraction was prepared as previously described (Ma et al., 2009). 
Approximately one liter of A. tamarense supernatant was passed through a solid phase 
extraction (SPE) C-18 cartridge (500 mg 6 mL-1, Sigma-Aldrich, Deisenhofen, Germany). The 
cartridge was washed with 10 mL water, 10 mL 20% methanol, 30 mL 50% methanol and then 
30 mL 80% methanol in turn.  The 80% methanol fraction was rotary evaporated, and the 
residue was re-suspended with 3 to 4 mL water, and stored at -20 oC before further use. The 
concentrated SPE lytic fraction was thawed, and spin-filtered (Eppendorf 5415R, 2 min, 15,000 
× g, room temperature) by filter unit insert (0.45 µm, Durapore, Millipore). The following 
HPLC separation procedure with C8 analytical column was performed as previously described 
(Ma et al., 2009). Ten runs of fractions with retention of 18 to 19 min were pooled and dried 
under N2, and frozen at -20 oC before further use.  
 
Hydrophilic interaction ion-chromatography (HILIC) 
 
Fifty µL 80% methanol SPE fraction (purified from approximately 600 mL supernatant) 
was separated on an analytical column (150 × 4.6 mm) packed with 5 µm ZIC-HILIC, 200 Å, 
(SeQuant, Haltern, Germany) and maintained at 25 °C. A pre-column with the same packing 
material was used. The flow rate was 0.7 mL min-1 and gradient elution was performed with two 
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eluents. Eluent A was 2 mM formic acid and 5 mM ammonium formate in 20% water and 80% 
acetonitrile; eluent B was 10 mM formic acid and 10 mM ammonium formate in water. The 
gradient was as follows: column equilibration with 0% eluent B until 20 min, then linear 
gradient to 100% B until 35 min, followed by isocratic elution with 100% eluent B until 45 min 
and finally return to initial 0 % eluent until 46 min. Activity was found in fraction with retention 
time of 7 to 9 min. To reduce the impurities, the retention time of collected fraction was shrunk 
to 7.5 until 8.5 min, and the dry mass equivalent of the residue was measured.  
 
Triple quadrupole and Orbitrap mass spectrometry 
 
 The LC conditions were the same as for the C8 HPLC or HILIC separation procedure. 
Triple quadrupole experiments were performed on an API 4000 QTrap instrument (Applied 
Biosystems, Darmstadt, Germany) equipped with a Turbo ion-spray source. The instrument was 
operated in the full scan mode in the mass range of m/z 200-2800. Data were acquired with 
Analyst software 1.4 (Applied Biosystems). 
High resolution full scan mass spectra were acquired on Orbitrap mass spectrometer 
(Thermo Fisher Scientific, Bremen Germany), coupled to Ultimate 3000 series RSLC system 
(Dionex, Idstein, Germany). Before injection into the mass spectrometer the C8 HPLC fraction 
were separated on the same C8 analytical column using an increasing acetonitrile or methanol 
gradient at a flow rate of 0.200 mL min-1. Phases A (water containing 0.1% FA for acquisition in 
positive ESI-mode or ammonium hydroxide (10 µL L-1, pH 8) for acquisition in negative ESI-
mode) and B (100% acetonitrile / methanol containing 0.1% FA / ammonium hydroxide (10 µL 
L-1, pH 8)) were linearly mixed in a gradient from 5% to 100% B in 15 min, holding 100% B for 
12 min and decreasing to 5% B in 1 min of the run. The analytical column was immediately re-
equilibrated for 10 min. ESI-MS analysis was performed in positive and negative mode. Full 
scan mass spectra were generated using 30000 resolving power (FWHM) in the mass range from 
200 to 2000 m/z. All mass peaks with S/N > 3 were compared between Alex2 and Alex5. 
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Matrix-assisted laser desorption/ionization Time-of-flight (MALDI-TOF) mass spectrometry 
 
As no unique masses were found by normal mass spectrometry, we employed MALDI-
TOF, which can analyze samples with both complex compositions and high molecular masses. 
The three different separated and purified samples measured by MALDI-TOF were as follows: 
(1) SPE 80% methanol fractions from 200 mL supernatant; (2) 10 runs pooled HPLC C8 18 to 
19 min fractions; (3) one run of HILIC 7.5 to 8.5 min fractions. For all the three samples, 
corresponding Alex5 fractions served as a negative control. Reflector, positive linear as well as 
negative linear mode MALDI-TOF was performed for all the above samples, respectively.  
A MALDI Micro MX mass spectrometer (Waters, Milford, MA, USA) was used for 
measurements of compounds in the lower and high mass range between 500-3000 and 2000-
40000 m/z in reflectron and linear modes, respectively. The lyophilized fraction was 
reconstituted in 100 µL aqueous 0.1% TFA. One µL was mixed with 1 µL aliquot of sinapic or 
dihydrobenzoic acid matrixes (10 mg mL-1 in water/acetonitrile 6:4 v/v), and 1 µL of the 
solution was spotted on a metal 96-spot MALDI target plate. A nitrogen laser (337 nm) was 
used for ionization, and the extraction of ions was delayed by 500 ns. In positive ion mode, the 
instrument was operated with 3.5 kV set on the sample plate, -12 kV on the extraction grid. For 
reflectron measurements, a reflectron voltage of 5200 V was used, the pulse voltage was set to -
1900V and the detector was at 2350V with laser energy at 90 µJ pulse-1. For linear positive ion 
measurements, the pulse voltage was 800 V, laser intensity was 124 µJ pulse-1, and the detector 
voltage set to 2.15 kV. In negative ion mode measurement, the plate was set to -3.5 kV, the 
extraction was at 12 kV, in reflectron negative measurements, the pulse was 1950 V, the 
detector was set to 2350V with a negative ion acceleration anode set to 4000 V and laser energy 
was 135 µJ pulse-1. In linear negative ion measurements, a pulse voltage of 750 V was used and 
the laser energy was 135 µJ pulse-1. MassLynx v4.0 software served for data acquisition 
(Waters). Each spectrum was combined from 15 laser pulses. Insulin, myoglobin and 
trypsinogen (Sigma) at 10 pmol on target were used to calibrate the mass spectrometer.  
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Chemical characterization of the lytic compounds 
 
Total sugar quantification 
 
Total sugar content in both Alex2 and Alex5 HILIC fraction (10 runs pooled, dried and 
re-suspended in 1.6 mL water) were quantified through modified phenol-sulfuric acid assay 
(Mckelvy and Lee, 1969). A 0.5 mL sample was mixed well with 0.3 mL 6% phenol, and then 
1.8 mL concentrated sulfuric acid was added. The mixture was vortexed for 15 s, and then left to 
cool to room temperature, and the absorption at 480 nm was measured. The sample was 
calibrated against a D-glucose (Merck, Darmstadt, Germany) standard curve generated with 
concentrations of 0, 2, 5, 10, 20, and 50 µg mL-1. The sugar content in both Alex2 and Alex5 
fractions were calculated accordingly. 
 
Trypsin digestion assay and size exclusion chromatography (SEC) 
 
The lytic HILIC fraction was re-suspended in 1 mL of the trypsin stock solution (total 10 
mL), including 2 mg mL-1 trypsin (from porcine pancreas, 40U mg-1, Merck, Darmstadt, 
Germany) in 100 mM NH4HCO3, pH 8.0. As a negative control, an aliquot of 5 mL trypsin from 
the stock solution was deactivated at 100 oC for 30 min. Before application to the lytic 
compounds, the trypsin activity was tested by a chromogenic substrate BAPNA (N-benzoyl-DL-
arginine-4-nitroanilide hydrochloride, Applichem, Darmstadt, Germany) according to Erlanger 
et al. (1961). Briefly, ca. 2 mg BAPNA was dissolved in approximately 500 µL 
dimethysulfoxide (DMSO) as substrate stock solution. For each test, 960 µL universal buffer 
(pH 8.0, Stauffer, 1989) with 20 µL enzyme solution was mixed in a cuvette, and read at 405 nm 
for 5 min at room temperature, and then 20 µL BAPNA substrate was added, mixed well, and 
then read at 405 nm for 5 more minutes. The enzyme activity was expressed as DA405 nm min-1 
(change of absorbance at 405 nm per minute). The re-suspended HILIC fractions in both intact 
and deactivated trypsin digestion solution were incubated at 25 oC for 18 h. For HILIC fractions 
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in normal enzyme solution, 20 µL sub-samples were taken for an enzyme activity check as 
described above. All the residues were dried under N2 and re-suspended in either 1.0 or 0.98 mL 
K-medium, and stored for two days. Four-point (0.5, 0.25, 0.1, and 0.05 mL) 1 mL R. salina 
bioassay was performed to quantify the lytic activity in each treatment. 
SEC was performed on an Agilent 1100 series (Agilent Technologies, Waldbronn, 
Germany) system. The LC-system consisted of a G1379A degasser, a G1311A quaternary 
pump, a G1229A autosampler, a G1330B autosampler thermostat, a G1316A column thermostat 
and a G1315B diode-array detector (DAD). Chromatographic conditions were as follows: 
mobile phase A: 0.1 M Na2SO4 and 0.05% NaN3 in 0.1 M sodium phosphate buffer with pH 6.7. 
The flow rate was 0.35 mL min-1 until 18 min (= total run time). The autosampler temperature 
was set to 25 °C and the injection volume was 50 µL. The separation of analytes was performed 
on a 30 cm × 4.6 mm i.d., TSK-GEL® SUPER SW 2000 column (Tosoh Bioscience, Stuttgart, 
Germany). Chromatograms were recorded at the absorbance wavelength of 280 nm. A spin-
filtered lytic SPE fraction was injected into the SEC system. One-minute fractions were 
collected and checked for lytic activity against R. salina. Based on preliminary results, the lytic 
activity eluted between 10 and 12 min. 200 µL of the spin-filtered SPE fraction were dried under 
N2, and digested with 1 mL trypsin solution (0.5 mg mL-1 in 100 mM NH4HCO3) or merely 100 
mM NH4HCO3 buffer for 18 h at 25 °C. After 18 h digestion, all the samples were dried under 
N2, and re-suspended in 100 µL H2O. Five one-minute fractions from 9.5 to 14.5 min were 
collected and dried under N2, and re-dissolved in 1 mL seawater. Lytic activity was checked in 
the R. salina bioassay. 0.2 µg bovine serum albumin residue (from 100 µL of 2g L-1 albumin 
standard stock solution, BCA Protein assay kit, Pierce, Thermo scientific, Rockford, USA) was 
treated with 1 mL either trypsin solution or NH4HCO3 to examine the activity of trypsin. 
 
2.3.4 Results and discussion 
 
Candidate masses for lytic compounds       
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In preliminary study of lytic compounds produced by A. tamarense, the activity often 
dramatically decreased or disappeared after further isolation and purification by classical 
bioassay-driven fractionation, which introduced the study of the stability of the lytic compounds 
(Ma et al, 2009). The stability of the compounds, or more precisely the stability of the biological 
effect quantified with the bioassay, is important for determining how to treat the compounds 
when performing further analysis. Some compounds degrade rapidly with time and light, e.g. 
toxic compounds of the haptophyte Prymnesium parvum (Parnas et al., 1962; Shilo, 1981). 
Putative toxins produced by the dinoflagellate Pfiesteria piscicida are labile, which makes the 
identification of the compounds difficult (Moeller et al, 2007). However, the high stability of 
extracellular lytic compounds from A. tamarense under moderate conditions (e.g., normal room 
temperature and ambient light) makes further treatment for purification and identification easy. 
The high ratio loss of lytic activity was concluded due to strong surface absorption instead of 
weak stability. Thereafter, after C8 HPLC or HILIC, the lytic compounds were still active, and 
were stable enough for further mass analysis.    
 
Unique Masses found with triple quadrupole and orbitrap full scan mass spectrometry  
 
We did not find any unique masses within the retention time window of Alex2 or Alex5 
fractions by either triple quadrupole or orbitrap mass spectrometry (data not shown). For triple 
quadrupole mass spectrometry, the fact that no unique masses were found may be due to the low 
sensitivity under full scan mode. However, in the course of the purification of lytic fraction on 
the C8 phase, components of the lytic SPE fractions did not chromatograph well, but rather were 
retained on the stationary phase and slowly migrated through the column during consequent runs. 
This resulted in high background noise of the mass spectra and thus hampered the identification 
of specific masses. When such a fraction was analyzed by orbitrap mass spectrometry, and 
further chromatographed with the very same C8 column, the high background signal may 
interfere with determination of unique masses from the lytic strains. The introduction of an 
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alternative mass spectrometry method, MALDI-TOF, involved no further liquid chromatography, 
and had a high resolution under reflector mode.  
 
Unique Masses found in SPE fractions 
 
In the beginning of our search for lytic compounds excreted by A. tamarense, our 
attention was drawn to two small molecules detected by MALDI-TOF reflectron mode, 
operating with a resolution of >10,000 FWHM (full width at half maximum), analysis of the 
lytic 80% methanol SPE fraction of Alex2. This highly potent Alexandrium strain yielded the 
unique masses at 1291.6 Da and 1061.6 Da, which were absent in the non-lytic strain Alex5 (Fig. 
1). Such a mass range for the unknown allelochemicals is generally consistent with that of the 
known phycotoxins, secondary metabolites produced by marine phytoplankton, typically with 
masses <3000 Da. The only exception is maitotoxin with a molecular mass of 3422 g mol-1, the 
largest non-biopolymer natural product known (Murata et al., 1994). Karlotoxins from the 
dinoflagellate Karlodinium veneficum (Bachvaroff et al., 2008; Van Wagoner et al., 2008) as 
well as amphidinols from Amphidinium klebsii (Houdai et al., 2004; Houdai et al., 2005) have a 
similar mass range of about 1300 Da and membrane disruptive properties. These compounds 
form hairpin structures suggested to be important for the interaction with lipid bilayers of 
biomembranes. The masses of 1,291.6 and 1,061.6 from the lytic A. tamarense strain fall within 
this mass range. Moreover these compounds, like karlotoxins, are eluted with 80% methanol 
from C18 SPE cartridges (Bachvaroff et al., 2008). As a working hypothesis it was reasonable to 
consider that these two masses may be related to lytic activity and structurally similar to 
karlotoxins. Nonetheless this hypothesis had to be tested in further experiments.  
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Fig. 1 Reflectron mode MALDI-TOF spectrum of SPE C18 80% methanol fractions. 
A. Alex2; B. Alex5. 
 
C8 chromatography 
 
Subsequently, we further purified the lytic SPE 80% MeOH fraction by reversed phase 
HPLC on a C8 column. Under these chromatographic conditions activity eluted from 18 to 19 
min. However, the ion traces of m/z 1061.6 and 1291.6 in a LC-MS experiment showed peaks at 
retention times of 16 and 15 min, respectively (Fig. 2). Thus those two masses were not related 
to lytic activity, and thus were excluded. 
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Fig. 2 Retention time of 1291.6 Da and 1061.6 Da after liquid chromatography/triple 
quadrupole mass spectrometry through a C8 column. A. Alex5; B. Alex2. Oblique line 
bar: Lytic activity retention time. 
 
Since small molecules could not be correlated to lytic activity, as no other small unique 
masses was found by LC-MS spectrometry (either triple quadrupole or hybrid linear trap-
orbitrap mass spectrometry), we examined a larger mass range, accessible by matrix assisted 
laser desorption ionization-time of flight (MALDI-TOF/MS) mass spectrometry in the linear 
mode, by acquiring masses in the range 2000-40000 Da. Thus we prepared lytic C8 HPLC 
fractions and performed MALDI-TOF analysis in the positive linear mode. The result showed 
several unique large masses over 7000 Da in the lytic fraction of the Alex2 strain, which were 
totally absent in the corresponding fraction of the non-lytic Alex5 strain (Fig. 3A and B). 
However, in the negative mode mass spectra of both Alex2 and Alex5 were almost identical, 
including an abundant compound with a mass of about 9400 Da (Fig. 3 C and D). As mentioned 
before the lytic C8 fractions were not pure. In order to further purify the lytic compounds, a 
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more suitable chromatographic system had to be applied. Because reversed phase 
chromatography on C8 or C18 phases does not seem to be a suitable system for Alexandrium 
lytic compounds because of the non-specific retention of matrix compounds, we selected 
hydrophilic interaction liquid chromatography (HILIC) as a modified normal phase 
chromatographic system, which is assumed not to retain the interfering matrix that cause 
problems on reversed phase systems and additionally is compatible with mass spectrometry.  
 
Candidate Masses in HILIC fractions 
 
In contrast to reversed phase, the lytic compounds chromatographed well on the HILIC 
system and had a retention time from 7 to 9 min. We also checked the two former candidate 
masses 1061.6 and 1291.6 Da on this chromatography, but as expected these compounds eluted 
at a different retention time (between 6 and 7 min (Fig. 4)) and like on C8 did not co-elute with 
lytic activity. This independently confirmed our previous finding that the masses of 1062.6 and 
1292.6 Da are not corelated with lytic activity. Even though we narrowed the collection time of 
the lytic fraction for MALDI-TOF analysis to 7.5 to 8.5 min to minimize the amount of co-
eluting contamination. Visible precipitation was observed in the dried fractions of the negative 
control, and the corresponding Alex5 fractions. This indicates that even after two clean-up steps 
with complimentary chromatographic systems, the lytic fraction was still not pure. MALDI-TOF 
analysis in the reflectron mode showed no evident or unique mass differences among Alex2 and 
Alex5 in the small mass range less than m/z 2000. Subsequently we performed a MALDI-TOF 
experiment in the linear mode with mass coverage from m/z 2,000 to 50,000. In the positive 
mode, a series of large molecular with masses of 7843, 9746, 11553, 12600, 15020 was found in 
the Alex2 fraction, whereas no predominant peaks were found in the Alex5 fraction (Fig. 5A and 
B). In the negative mode, no characteristic masses could be detected (Fig. 5C and D).  
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Fig. 3 MALDI-TOF mass spectrum of C8 HPLC fractions. A. Alex5, linear positive 
mode; B. Alex2, linear positive mode; C. Alex5, linear negative mode; D. Alex2 
Linear negative mode.  
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Fig. 4 Retention time of 1291.6 Da and 1061.6 Da components separated by liquid 
chromatography/triple quadrupole mass spectrometry through a ZIC-HILIC column. A. 
Alex5; B. Alex2. Oblique line bar: Lytic activity retention time. 
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Fig. 5 MALDI-TOF mass spectrum of HILIC fractions. A. Alex5, linear positive mode; 
B. Alex2, linear positive mode; C. Alex5, linear negative mode; D. Alex2, linear 
negative mode.  
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So far the compounds in the mass range between 7 and 15 kDa were the only ones that 
correlated with lytic activity and were also absent from the non-lytic strain Alex5. This is in 
accordance with a hemolytic exotoxin over 10 kDa, which was found in A. taylori (Emura et al., 
2004). Since the lytic compounds are large, they were suspected to include one of more of the 
following natural compounds groups: protein, polysaccharide, or glycoprotein. Accordingly we 
set up assays to test for the presence of such components. 
 
Chemical nature of the lytic compounds 
 
Total sugar content 
 
Total sugar content of corresponding fractions of both Alex2 and Alex5 was measured 
and compared. The dry mass equivalent of HILIC Alex2 and Alex5 fractions were 735 ± 227 
and 763 ± 110 µg, respectively, and total sugar in each fraction was 0.18 ± 0.01% and 0.06 ± 
0.02%. The Alex2 HILIC fractions contained about 2-fold more sugar than Alex5 fractions. 
From the sugar content, we cannot exclude or verify that the lytic compounds contain sugar 
residues. Nevertheless, even if the lytic compounds contain sugar, the sugar elements could 
comprise only a very small portion of the structure.  
 
Trypsin digestion and SEC 
 
Since many large biomolecules and also the known hemolytic compound from A. taylori 
are proteins (Emura et al., 2004), we tested whether or not A. tamarense lytic compounds belong 
to this chemical class by tryptic digestion. Trypsin cleaves protein at the carboxyl group of 
arginine or lysine. Thus peptidic compounds containing these two amino acids can be digested. 
If the lytic compounds are proteinaceous, they would be digested into smaller peptides, and most 
likely resulting in activity loss from the smaller size fragments. The activity of lytic compounds 
was not reduced compared to the positive control (incubation of the lytic fraction with 
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deactivated trypsin) (Fig. 6). The EC50 of the HILIC fractions treated with at 100 oC deactivated 
trypsin was 30% (21 - 43%), while no significant differential decrease was detected in the 
trypsin digested group with EC50 of 36% (26 – 53%). However, the trypsin activity should be 
checked that it was really active during the incubation procedure. For the normal trypsin group, 
the activity of trypsin against substrate BAPNA was 0.3569 and 0.2449 DA405nm min-1 before 
and after lytic fraction digest assay, respectively, indicating the enzyme activity of trypsin was 
active during the digestion procedure.  
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Fig. 6 Intact cells of R. salina (% of control) exposed to HILIC active fraction digested 
with normal or deactivated trypsin dilution series at 4 concentrations. Results 
expressed as triplicate mean ± 1 SD. 
 
Although trypsin digestion does not result in loss of lytic activity, there still exists the 
possibility that lytic compounds contain proteinaceous structures, which are not essential for an 
“active domain” of the activity. To test this hypothesis we used size exclusion chromatography 
(SEC), which separates compounds according to molecular size. If our hypothesis that lytic 
compounds contain proteinaceous components not essential for lytic activity was correct, the 
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retention time would be increased after tryptic digestion. But the first step was to make sure that 
the lytic compounds could be eluted from the SEC column. According to former experience that 
the lytic compounds are easily absorbed to many kinds of materials (Ma et al, 2009), an SPE 
fraction with relatively high activity was applied to the column. The retention time was from 10 
to 12 min (data not shown).  
Based on this, the retention time and activity of SPE fraction after trypsin treatment was 
compared with that of the intact sample. Albumin served as a positive control of trypsin activity 
and the capacity of the SEC column. The retention time of albumin (ca. 66 kDa) was at 8 min 
(Fig. 7A), and after the tryptic digest the albumin peak disappeared and several small peptide 
fractions with longer retention time appeared instead (Fig. 7C), indicating that the trypsin 
worked during incubation. However, in the retention time of lytic activity of SPE fraction, no 
absorption peak was observed (Fig. 8B), which showed the same chromatogram as the blank 
(Fig. 8A). No small peptides peaks appeared after treated with the trypsin from the same stock 
applied to albumin (Fig. 8D). The lytic activity in the treated fractions, with retention time from 
9.5 to 14.5 min, were checked, and the result showed neither a retention time shift of lytic 
activity nor a reduction of lytic activity (Fig. 9). From these results we concluded that although 
the lytic compounds are large molecules, there is no proteinaceous structure involved. The SEC 
experiments additionally confirmed that the lytic compounds are large molecules, as the 
retention time of lytic compounds was in the range of the second peak of trypsin. The molecular 
weight of trypsin is about 22.3 kDa. The lytic compounds eluting at a similar retention time are 
also deduced to be large molecules, but smaller than 22.3 kDa, which is consistent with the large 
candidate masses (7 to 15 kDa) found in Alex2. Interestingly, the lytic activity was even higher 
in the trypsin digested sample (Fig. 9). Probably, the trypsin digested some proteinaceous 
impurities which was co-eluted and combined to lytic compounds. After trypsin was applied, the 
proteinaceous impurities were digested, and no longer bind to lytic compounds. In this manner, 
the increase in free lytic compounds enhances the lethality towards R. salina cells compared to 
samples not subjected to trypsin digestion.  
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2.3.5 Conclusions 
 
Through MALDI-TOF, we found a suite of large compounds in the range from 7 kDa to 
15 kDa in lytic HILIC fractions, the most purified fractions obtained until now. Trypsin cannot 
digest the lytic components and thereby reduce activity, suggesting the “active domain” is not 
protein related. Additionally, through trypsic digestion coupled SEC, we conclude the lytic 
compounds are large non-proteinaceous compounds less than 22.3 kDa. Total sugar content 
analysis suggested the lytic HILIC fraction contained two-fold more sugar than the non-lytic one, 
but the sugar content in the HILIC fraction was rather low, indicating the major composition of 
the lytic compounds is unlikely to be based upon sugar. We concluded that one group of the 
allelochemicals produced by A. tamarense are large non-proteinaceous, and probably non-
polysaccharide compounds larger than 7 kDa. However, unambiguous proof for the high 
molecular masses being the lytic compounds is still pending.   
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Fig. 7 Size exclusion chromatography of albumin treated with or without trypsin 
before application to the column. A. Albumin; B. Trypsin; C. Albumin + Trypsin. 
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Fig. 8 Size exclusion chromatography of lytic SPE 80% methanol fraction treated with 
or without trypsin before applied to the column. A. Blank; B. SPE; C. Trypsin; D. SPE 
+ Trypsin.  
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Fig. 9 Retention time and lytic activity of SEC fractions separated from SPE fractions 
treated with or without trypsin. Results expressed as duplicate mean ± 1 SD.     
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2.4 Mode of action of membrane - disruptive lytic compounds from 
the marine dinoflagellate Alexandrium tamarense 
 
2.4.1 Abstract 
 
Certain allelochemicals of the marine dinoflagellate Alexandrium tamarense cause lysis 
of a broad spectrum of target protist cells but the lytic mechanism is poorly defined. We first 
hypothesized that membrane sterols serve as molecular targets of these lytic compounds, and 
that differences in sterol composition among donor and target cells may cause insensitivity of 
Alexandrium and sensitivity of targets to lytic compounds. We investigated Ca2+ influx after 
application of lytic fractions to a model cell line PC12 derived from a pheochromocytoma of the 
rat adrenal medulla to establish how the lytic compounds affect ion flux associated with lysis of 
target membranes. The lytic compounds increased permeability of the cell membrane for Ca2+ 
even during blockade of Ca2+ channels with cadmium. Analysis of sterol composition of isolates 
of A. tamarense and of five target protistan species showed that both lytic and non-lytic A. 
tamarense strains contain cholesterol and dinosterol as major sterols, whereas none of the other 
tested species contain dinosterol. Adding sterols to a lysis bioassay with the cryptophyte 
Rhodomonas salina for evaluation of competitive binding indicated that the lytic compounds 
possessed apparent high affinity for free sterols. Lysis of protistan target cells was dose-
dependently reduced by adding various sterols. For three tested sterols, the lytic compounds 
showed highest affinity towards cholesterol followed by ergosterol and brassicasterol. 
Cholesterol comprised a higher percentage of total sterols in plasma membrane fractions of A. 
tamarense than in corresponding whole cell fractions. We conclude therefore that the molecular 
targets of the lytic compounds are not, or are not exclusively, sterol components of the 
membranes. 
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2.4.2 Introduction 
 
Marine dinoflagellates of the genus Alexandrium are known to produce secondary 
metabolites with widespread allelochemical effects on other photosynthetic (Blanco and Campos, 
1988; Arzul et al., 1999; Fistarol et al., 2004; Tillmann et al., 2007; Tillmann et al., 2008, 
Tillmann and Hansen 2009) as well as heterotrophic protists (Hansen, 1989; Hansen et al., 1992; 
Tillmann and John, 2002; Tillmann et al., 2007; Tillmann et al., 2008). Cell lysis is the most 
common reaction of target species when exposed to Alexandrium cell cultures, cell-free culture 
supernatant or filtrate (Tillmann et al., 2008; Ma et al., 2009). The unknown allelochemicals 
from Alexandrium are therefore assumed to act destructively on the plasma membrane of 
sensitive organisms. 
The exact molecular composition of cell plasma membranes in eukaryotes varies widely 
among species, but because they share commonalities in structure and function according to 
recent models (Mayor and Rao, 2004), the membranes typically comprise similar general classes 
of metabolites, including phospholipids, sterols, transmembrane proteins, polysaccharides, etc. 
Nevertheless, in many cases, it is still unknown how lytic compounds interact with the 
membrane of target cells and how the producing organisms protect their own membranes from 
destructive attack.  
Research on membrane-lysing toxins isolated from microorganisms has been carried out 
for decades. For example, polyene antibiotics amphotericin B (AmB) and filipin are known to 
interact with sterols in biomembranes when lysing target cells, but they permeate the membrane 
by different mechanisms (Kotlerbrajtburg et al., 1979; Brajtburg et al., 1980; Knopik-Skrocka 
and Bielawski, 2002). Eight pairs of AmB/sterols comprise a complex similar to ion-channels in 
the membrane (Andreoli, 1974; de Kruijf and Demel, 1974), whereas filipin induces damage by 
large nonselective perforations thereby causing membrane disruption (Knopik-Skrocka and 
Bielawski, 2002). Selective toxicity of AmB is due to higher affinity for ergosterol than 
cholesterol, the principal fungal and mammalian plasma membrane sterols, respectively.     
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Marine dinoflagellates, including toxic species, are known for the production of unusual 
sterols, particularly 4-α-methyl derivatives such as gymnodinosterol and brevesterol (Giner et al., 
2003), with poorly defined or unknown function. Furthermore, several studies on membrane 
permeation mechanisms of hemolytic and/or lytic polyene-polyhydroxy toxins from 
dinoflagellates are also reported to relate to membrane sterols. Hemolytic activity of 
amphidinols isolated from the dinoflagellate Amphidinium klebsii is apparently increased when 
cholesterol is present in the target membrane (Paul et al., 1996; Paul et al., 1997; Morsy et al., 
2008a). Karlotoxins (KmTx) from the dinoflagellate Karlodinium veneficum  show different 
binding affinities to conspecific sterols than to sterols of target species, indicating that the toxin 
producers may protect themselves by possessing special sterols, e.g. the 4- α-methyl sterol, 
gymnodinosterol, which does not interact with the toxins (Deeds and Place, 2006).  
Lytic compounds released by A. tamarense show functional if not structural similarities 
to the dinoflagellate polyene metabolites amphidinols and karlotoxins with respect to their 
effects on cell membranes. The membrane-active compounds from Alexandrium lyse 
membranes of other sensitive protists, but microscopic observations have revealed absolutely no 
effect on A. tamarense cells, on other species of the genus Alexandrium, or on the toxigenic 
haptophyte Prymnesium parvum (Tillmann et al., 2007). Several studies on sterol composition of 
Alexandrium spp. have shown that dinosterol, a 4-methyl sterol, is one of the major sterols 
(Piretti et al., 1997; Leblond and Chapman, 2002). Similar to gymnodinosterol found in 
Karlodinium, certain specific sterols might protect membranes of A. tamarense cells from being 
lysed by their own lytic compounds. Given previous research on membrane-lytic activity in 
marine dinoflagellates, our study was accordingly designed to establish: (1) if cell lysis in target 
species is directly caused by membrane disruption; (2) if the lytic compounds of Alexandrium 
spp. also interact with sterols; (3) if Alexandrium cells protect themselves by possessing special 
sterols; and (4) if the target protists have sterols with high affinity to the lytic compounds. 
We therefore investigated the cytotoxicity of lytic compounds from A. tamarense on rat 
neuroendocrine PC12 cells, and determined an increased permeability of target cell membranes 
for Ca2+ ions despite blockade of Ca channels, possibly by membrane disruption. We also 
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compared the whole cell as well as plasma membrane sterol composition of A. tamarense strains 
with five target strains of protists. Although the role of sterols was not completely resolved, we 
propose that the lytic effects cannot be accounted for merely by compositional variation and 
relative binding affinity among various sterol analogues.  
 
2.4.3 Materials and methods 
 
Protist culture  
 
Two clones of Alexandrium tamarense (Alex2 and Alex5) were selected based on their 
basically different lytic capacity quantified by a whole cell cryptophyte Rhodomonas bioassay 
(Tillmann et al., 2009b). Alex2 had high lytic capacity whereas Alex5 was found to have no 
measureable lytic effect on Rhodomonas and thus served as a negative control. Both strains were 
isolated from the North Sea coast of Scotland (Tillmann et al., 2009b) and grown in K-medium 
(Keller et al., 1987), supplemented with selenite (Dahl et al., 1989), prepared from 0.2 µm 
sterile-filtered (VacuCap, Pall Life Sciences, Dreieich, Germany)  North Sea seawater (salinity 
32 psu). Cultures were maintained in 1 L Erlenmeyer flasks under controlled conditions at 15 ºC 
under cool-white fluorescent light at a photon flux density (PFD) of 100 µmol photons m-2 s-1 on 
a 16 h light: 8 h dark photocycle. 
Five protist species were selected for target sensitivity. The autotrophic cryptophyte 
Rhodomonas salina (Kalmar Culture Collection KAC 30), the chlorophyte Dunaliella salina 
(AWI culture collection), and the raphidophyte Heterosigma akashiwo (CCMP 2274) were 
cultured under the same conditions as A. tamarense. The heterotrophic dinoflagellates Oxyrrhis 
marina (Göttingen culture collection, strain B21.89) and Gyrodinium dominans (AWI culture 
collection) were grown at 20 ºC under cool-white fluorescent light at a PFD of 20 µmol photons 
m-2 s-1 on a 16 h light : 8 h dark photocycle, with the chlorophyte D. salina as food. Cultures 
were starved and free of food algal cells (as checked by microscopy) before harvested for sterol 
analysis. 
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Determination of lytic compound targets with PC12 cells  
 
Cell culture methods 
 
PC12 cells derived from a pheochromocytoma of the rat adrenal medulla were obtained 
from the CLS (Cell Line Service, Eppelheim, Germany and German Collection of 
Microorganisms and Cell Cultures) and kept in culture medium containing RPMI 1640, 10% 
fetal calf serum, 5% horse serum. Cells were cultivated in an incubator at 37 °C, 90% humidity 
and 5% CO2 with regular medium changes twice a week or when additionally necessary. Cells 
were grown in culture flasks and 1-2 days prior to the experiments were seeded into Petri dishes 
coated with collagen.   
 
Preparation of lytic fractions 
 
Supernatant fractions prepared by solid phase extraction (SPE) in 80% methanol and 
hydrophilic interaction ion-chromatography (HILIC) fractions were prepared from A. tamarense 
cell cultures of Alex2 and Alex5 in stationary growth phase, as previously described (Ma et al., 
2009). In the current experiment, Alex5 fractions served as a negative control to ensure that any 
observed effect was induced by the allelochemicals from Alex2 fractions rather than by artifacts. 
For HILIC fractions, 50 µL SPE fraction, purified from approximately 600 mL supernatant, was 
separated through an analytical column (150 × 4.6 mm) packed with 5 µm ZIC-HILIC, 200 Å, 
(SeQuant, Haltern, Germany) and maintained at 25 °C. A pre-column with the same packing 
material was also used. The flow rate was 0.7 mL min-1 and gradient elution was performed with 
two eluents. Eluent A was 2 mM formic acid and 5 mM ammonium formate in 20% water and 
80% acetonitrile; eluent B was 10 mM formic acid and 10 mM ammonium formate in water. 
The gradient was as follows: column equilibration with 0% eluent B until 20 min, then linear 
gradient to 100% B until 35 min, followed by isocratic elution with 100% eluent B until 45 min 
and finally return to initial 0% eluent B until 46 min. A total of five runs was performed and 
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fractions with retention times of 7 to 9 min (according to preliminary results, data not shown) 
were collected, pooled and dried under N2, and finally dissolved in 1 mL K-medium and/or 
deionized water and stored at 4 oC for more than two days before use. Lytic activity of both 
supernatant and HILIC fractions were quantified as half maximal effective concentrations (EC50, 
expressed as EC50 and 95% confidence interval) with a R. salina bioassay (Ma et al., 2009).  
 
Fluorimetric measurements of intracellular Ca2+ changes 
 
PC12 cells were incubated in buffer (in mM: 125 NaCl, 2.5 KCl, 1 MgCl2, 2.0 CaCl2, 1.3 
NaH2PO4, 30 glucose, 26 Na HEPES) containing 5 µM Fura II acetoxymethylester (Sigma-
Aldrich, Deisenhofen, Germany) for 30 min at room temperature (22  2 °C). The incubation 
buffer was removed from the cultured cells and replaced with 1 mL buffer. Fluorescence of cells 
was monitored by an imaging system (Visitron, Puchheim, Germany) and a CCD camera 
(Coolsnap) mounted on an inverted microscope (Zeiss Axiovert 100, Göttingen, Germany). 
Single PC12 cells (8 - 30 cells) were simultaneously measured, and separated using “the region 
of interest” function of the software (Metafluor, Meta Imaging Series, Downingtown, USA). 
Fluorescence was transmitted through a UV objective (Zeiss NeoFluar 20X, Göttingen, 
Germany). Data were obtained by division of two images (F340/380), one at 340 nm, the other 
at 380 nm excitation (Grynkiewicz et al., 1985; Bickmeyer et al., 2004; Bickmeyer et al., 2010).  
Fluorescence ratios were not converted into Ca2+ concentrations. Statistics were performed using 
“Prism” from Graphpad and Igor (WaveMetrics, Portland, OR, USA). Values of a 2 min period 
before compound applications were averaged and compared (students t-test) to values of the last 
2 min (18-20 min experiment duration).  
Experiments concerning calcium influx from the extracellular buffer were performed 
with buffer (described above) and buffer without calcium supplemented with 2mM EGTA 
[ethylene glycol bis-(2-aminoethyl ether)-N,N,N´,N´-tetraacetic acid]. In this experiment 
solution changes and compound application were performed by a continuous perfusion system. 
1% of Alex2 SPE 80% methanol fraction (purified from 200 mL supernatant) was applied. In 
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another set of experiments, samples of supernatant as well as HILIC fractions from both Alex2 
and Alex5 were used. Samples were pipetted as a total 0.5 mL, including 15 µL sample in buffer 
into Petri dishes containing 1 mL PC12 cells. Because of a lack of effect after adding the low 
concentration, 100 µL sample were added after several minutes. The changes of intracellular 
Ca2+ concentration expressed as fluorescence emission ratio were recorded. Mechanical 
disturbances during application of the compounds may lead to spurious cellular Ca2+ level 
responses due to mechanosensitive Ca2+ permeable ion-channels in PC12 cells, as in most other 
cells (Bickmeyer, 2005).  
The effect of cadmium application to block calcium ion channels (Weinsberg et al., 1995) 
on the potency of Alex2 lytic compounds was determined with 0.5 mL buffer including 90 µL 
Alex2 HILIC fraction in K-medium, as well as 3 µL CdCl2 (from 50 mM stock solution), 
applied to PC12 cells. The change of fluorescence emission after excitation at 340 and 380 nm 
was recorded.  
 
Protist sterol composition 
 
Cell pellet preparation 
 
Protist cultures were centrifuged (Eppendorf 5810R, Hamburg, Germany) at 3,220 x g 
for 10 min at 15 °C to acquire cell pellets for direct sterol analysis or plasma membrane isolation. 
The numbers of cells harvested of each strain are listed in Table 1.  The cell pellets for whole 
cell sterol composition analysis were stored at -20 °C before use, whereas those for plasma 
membrane preparation were further processed immediately after centrifugation. 
 
Plasma membrane enrichment  
 
Cell pellets were re-suspended in 5 mL disruption buffer composed of 400 mM mannitol, 
2 mM EDTA, 1 mM MgCl2, 100 mM Na3PO4, pH 7.4 (Peeler et al., 1989). For each sample, the 
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cell suspension was disrupted by a French Press at 16,000 psi. Each homogenized sample was 
centrifuged at 2,960 x g for 5 min at 4 °C. The supernatant was transferred to a 15 mL Sarstedt 
tube and further purified by two-phase partitioning. Both dextran T500 (13.4%, w/w) and 
polyethylene glycol (PEG) 3350 (26.8%, w/w) solution stocks were added to reach a final 
concentration of 6.7% (w/w), respectively. The mixture was inverted 40 times, and was 
immediately centrifuged at 660 x g for 10 min at 4 °C. The upper PEG phase was 
ultracentrifuged at 121,000 x g (Beckmann Coulter, OptimalTM LE-80K, Krefeld, Germany) for 
1h at 4 °C, and the supernatants were carefully removed by pipette. The residue was re-
suspended with 2 mL disruption buffer, and again ultracentrifuged as above to pellet the 
membrane microsomes. The membrane samples were stored at -20 °C for sterol compositional 
analysis. 
 
Plasma membrane preparation and characterization 
 
Vanadate-sensitive ATPase  
 
Determination of vanadate-sensitive ATPase activity was performed with reference to 
the method of Gallagher and Leonard (1982). For analysis of plasma membrane purity, an Alex2 
cell pellet (ca. 5.5 x 106 cells) was used to prepare cell membrane fractions as described above. 
After the first ultracentrifugation, the residue was washed with 2 mL 10 mM Tris-HCl buffer, 
pH 7.5, including 250 mM sucrose, and again ultracentrifuged. The pellet was re-suspended in 
600 µL Tris-HCl buffer, and stored at -70 °C. One fifth of the dextran T500 fraction was diluted 
10-fold with Tris-HCl buffer, and the following steps were the same as for the PEG fraction. 
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Table 1 Number of cells harvested for sterol analysis of whole cells or of plasma 
membrane enriched fractions. 
 
 
 
 
 
 
 
 
 
 
 
 
Total protein was quantified by the bicinchoninic acid (BCA) assay (Smith et al., 1985), 
performed as described in the BCA assay kit (Pierce, Thermo Fisher Scientific Bonn, Germany). 
Briefly, 50µL sample from membrane fractions or albumin standard solutions were mixed with 
1 mL working reagent containing 50 parts solution A, 1 part solution B, and 0.01% Triton X-100 
(w/w). The mixtures were incubated in a water bath for 30 min at 60 °C, then cooled to room 
temperature and read spectrophometrically at 562 nm. The protein content of membrane samples 
was calculated according to the standard curve. 
ATPase activity was determined according to Briskin et al. (1987). Assays were carried 
out in a 1 mL reaction volume with 20 µL membrane fraction and 980 µL reaction buffer 
containing 5 mM MgSO4, 5 mM ATP Na2, 30 mM Tris-MES (pH 6.5), 50 mM KCl (when 
present), and 50 µM Na3VO4 (when present). The reaction was performed at 38 °C for 1 h, and 
then terminated by adding 2.6 mL color development solution consisting of six parts 0.42% (w/v) 
ammonium molybdate in 1 N H2SO4 and 10% (w/v) ascorbic acid. The optical density was 
determined spectrophotometrically at 700 nm after incubation at room temperature for 20 min. 
 
Species  Strain designation 
Whole 
cell 
Plasma 
membrane 
Alexandrium 
tamarense  
Alex2 9.8 x 105 4.4 x 106 
 Alex5 1.1 x 106 3.3 x 106 
Dunaliella salina DS01 3.3 x 107 2.1 x 108 
Heterosigma 
akashiwo 
CCMP 2274 9.8 x 106 4.9 x 107 
Oxyrrhis marina E21.89 1.4 x 106 1.0 x 107 
Gyrodinium 
dominans 
GD01 4.4 x 105 1.7 x 106 
Rhodomonas salina KAC 30 ND 4.1 x 108 
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 Sterol compositional analysis 
 
Cell pellet or plasma membrane fractions were lyophilized (Freeze Dryer, Osterode am 
Harz, Germany) overnight. Lipids were extracted by mixing with 10 mL n-hexane per 2 mg 
lyophilizate and subsequent ultrasonication for 10 min, and then were left at room temperature 
for 3 h for complete solubilization of lipids. After centrifugation (Hettich, EBA 8S, Tuttlingen, 
Germany) at 855 x g, the supernatant was removed and evaporated under N2. Sterols were 
derivatized with N-methyl-n-trifluoroacetamide (Macherey-Nagel, Düren, Germany). For 
sample amounts up to 5 mg, 50µL of derivatization reagent was added to the dry sample in a 
micro-sampling vial and stored for 2 hours at 70 oC in a thermoblock. 
The silylated sterols were analyzed by gas chromatography coupled to mass 
spectrometry (GC-MS). Gas chromatography was performed on a 3800 GC System (Varian, 
Palo Alto, CA, USA). Separation was achieved on a low-bleeding CPSil 8CB MS fused-silica 
capillary column (30 m x 0.25 mm i.d. X 0.25 µm film thickness) (Chrompack, Middelburg, 
Netherlands). Detection was carried out by a MS/MS 2000 Ion-Trap Detector (Varian, Palo Alto, 
CA, USA) with GC-MS operation control and data processing by the Varian Saturn MS 
Workstation 6.9.2 software. The sample volume in the direct injection mode was 1 µL. Gas 
chromatographic analysis was started at 200 oC and held for 1 min and then increased to 320 oC 
at a heating rate of 40 oC per min, remaining constant for 36 min. The total run time was 40 min. 
The sterol standards brassicasterol, desmosterol, ergosterol, cholesterol, stigmasterol, and 
stigmastanol were purchased from Sigma-Aldrich (Taufkirchen, Germany) and beta-sitosterol 
from BIOTREND Chemikalien GmbH (Cologne, Germany). Standard sterol solutions were run 
as reference and samples were quantified by external calibration. The amounts of campesterol, 
corbisterol and dinosterol were calculated as cholesterol equivalents. Only sterol peaks above 
the limit of quantitation (s/n ratio >10) were reported. 
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Sterol incubation bioassay 
 
Three common and representative sterols, namely cholesterol, ergosterol and 
brassicasterol, are major sterols of A. tamarense and O. marina, D. salina, and R. salina, 
respectively, and therefore were selected for competitive binding assay. Methanolic standard 
stock solutions of cholesterol, ergosterol and brassicasterol (Sigma-Aldrich, Taufkirchen, 
Germany) at different concentrations (1 x 106, 105, 104, 103, and 102 nmol L-1) were prepared for 
a supernatant incubation assay. For each concentration of each sterol, a five-point 4 mL bioassay 
(Ma et al., 2009) was performed in triplicate, containing 0.04 mL standard sterol stock solution; 
500, 250, 100, 50, 25 µL Alex2 culture supernatant, 0.1 mL R. salina culture (final bioassay 
concentration: 10 x 103 mL-1), and 0.2 µm filtered seawater to make up the remaining volume. 
Intact supernatant was applied alone as a positive control of lytic activity. After 3 hours 
incubation, the number of intact R. salina cells in each vial was quantified. The results were 
expressed as percentage relative to controls (intact R. salina in K-medium). 
 
2.4.4 Results 
 
Putative main target site of lytic compounds  
 
In the lytic assay with R. salina, independent application of Alex2 supernatant and the 
HILIC fraction yielded EC50 values of 0.68% (0.61 - 0.77%) and 0.83% (0.68 – 1.02%), 
respectively. No lysis of R. salina cells was observed for any undiluted Alex5 fractions. 
The SPE fractions of Alex2 increased intracellular Ca2+ levels significantly only in the 
presence of extracellular Ca2+, whereas no alteration of intracellular Ca2+ concentration was 
detected when extracellular Ca2+ was absent (Fig. 1, right panel). This indicates that rather than 
directly affecting the intracellular Ca2+ pool, lytic compounds target PC12 cell plasma 
membranes, and either act directly on Ca2+ channels or damage membrane integrity.   
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Application of either Alex5 supernatant or HILIC fraction at high concentration (5.75%) 
did not alter intracellular Ca2+ concentration of PC12 cells (Fig. 1A and B). In contrast to 
treatments with Alex5 fractions, the intracellular Ca2+ concentration was increased after addition 
of Alex2 fractions. Although at a low concentration (1%) only weak or no alterations were 
observed in any group (Fig. 1D and E, left box), at high concentration (5.75%), both Alex2 
supernatant and HILIC fraction in K-medium caused a significant increase in intracellular Ca2+ 
concentration (Fig. 1D and E, right box) in a short time (ca. 10 min) (p<0.0001). However, an 
Alex2 HILIC fraction taken up in deionized water, and subsequently applied at the same 
concentration as in K-medium, showed no effect on intracellular Ca2+ concentration (Fig. 1C). 
When CdCl2, a blocker of Ca2+ channels, was present, the increase of intracellular Ca2+ 
concentration caused by the HILIC fraction of Alex2 was not inhibited (Fig. 1F), as the increase 
of intracellular Ca2+ was significant. 
 
Control for plasma membrane isolation 
 
The results of the ATPase activity with or without potassium or vanadate in fractions of 
the two phases are shown in Table 2. The presence of potassium did not significantly increase 
ATPase activity in either fraction. Vanadate significantly inhibited ATPase activity (Student t-
test, p<0.05) in the PEG phase, whereas no significant inhibition of ATPase activity (Student t-
test, p>0.05) was detected in the dextran phase. This indicated that plasma membrane-related 
vanadate-sensitive ATPase was preferentially partitioned into the PEG phase, and thus the 
isolated PEG fraction was enriched in plasma membrane. 
 
Sterol composition 
 
The sterol composition of whole cells (Table 3) of both Alexandrium strains Alex2 and 
Alex5 comprised mainly cholesterol (>50%) and 4-methyl sterol dinosterol (>25%). The 
cryptophyte R. salina contained 100% brassicasterol, whereas the major sterols of the 
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chlorophyte D. salina and the raphidophyte H. akashiwo were ergosterol (49%) and corbisterol 
(51%), and β-sitosterol (98%), respectively. The heterotrophic dinoflagellates O. marina and G. 
dominans fed on D. salina contained cholesterol and stigmastanol, respectively.  
 
 
 
Fig. 1 Intracellular fluorescence of cells separated using the “region of interest” 
function of the software (Metafluor, Meta Imaging Series) obtained through a UV 
objective (Zeiss NeoFluar 20X). Data represent the fluorescence ratio of two images 
(F340/380), at 340 nm and 380 nm excitation. Increases in F340/380 are equivalent to 
rises in intracellular calcium levels. A ratio increase of 0.05 (scale bar) represents an 
elevation of free Ca2+ of roughly 50 nM. The long boxes indicate the time window 
during which samples at final concentrations of 1% and 5.75%, respectively, were 
added.  A. Alex5 supernatant. B. Alex5 HILIC fraction. C. Alex2 HILIC fraction in 
water. D. Alex2 HILIC fraction in K-medium. E. Alex2 supernatant F. 6% Alex2 
HILIC fraction with 100 µM CdCl2.  8-15 cells were measured simultaneously (error 
bars: SEM). P<0.0001=***). The right part of the figure shows experiments 
demonstrating the compound-induced calcium influx only in the presence of 
extracellular calcium. Horizontal bars indicate time course of treatments. 
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Table 2 Plasma membrane enzyme marker activities (µmol Pi mg protein-1 min-1) in 
two membrane fractions in the presence or absence of co-factor/inhibitor (results 
expressed as mean ± 1 SD, n=3) 
 
ATPase PEG phase (plasma membrane) Dextran phase 
- K+ 0.19 ± 0.04  0.38 ± 0.02 
+ K+ 0.21 ± 0.05 0.40 ± 0.06 
+ K+, +vanadate 0.05 ± 0.01 0.28 ± 0.06 
 
 
Plasma membrane fractions from both A. tamarense strains and five target protists  
enriched by PEG/dextran partitioning, in most cases yielded different sterol compositions (Table 
4) compared to those of whole cells. No compositional differences between whole cell extracts 
and plasma membrane fractions were observed only for R. salina (100% brassicasterol) and H. 
akashiwo (98% β-sitosterol). In contrast, the sterol ratios of the fractions of the other species 
differed, often dramatically. For example, plasma membrane fractions of Alex2 and Alex5 
contained mainly cholesterol (>88%), but less than 10% dinosterol (Table 4), whereas the whole 
cell extract contained 26% and 42% dinosterol for Alex2 and Alex5, respectively (Table 3). 
Even more pronounced differences can be seen for the species D. salina, O. marina, and G. 
dominans. For example, plasma membrane fractions of these three species are enriched in 
desmosterol (Table 4), but this sterol component falls below the limit of quantitation in whole 
cell extracts (Table 3). In any case, none of the five target species, which are lysed by Alex2 
exudates, contained any trace of the 4-methyl sterol dinosterol. 
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Table 3 Sterol composition (%) of whole cells of A. tamarense and target protistan 
species. 
 
Sterol Alex2 Alex5 R. salina D. salina H. akashiwo O. marina G. dominans 
Cholesterol 73.0 55.6 0.0 0.0 0.0 68.4 0.0 
Ergosterol 0.0 0.0 0.0 48.8 0.0 0.0 0.0 
Brassicasterol 0.0 0.0 100.0* 0.0 0.0 0.0 0.0 
Dinosterol 26.0 41.7 0.0 0.0 0.0 0.0 0.0 
Stigmasterol 0.0 0.0 0.0 0.0 0.2 7.3 0.0 
Desmosterol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
β-Sitosterol 1.0 2.6 0.0 0.0 97.9 0.0 0.0 
Stigmastanol 0.0 0.1 0.0 0.0 0.0 0.0 100.0 
Campesterol 0.0 0.0 0.0 0.0 1.9 24.3 0.0 
Corbisterol 0.0 0.0 0.0 51.2 0.0 0.0 0.0 
 
* Data based on preliminary result acquired from a cell pellet for which cell number was not 
recorded. 
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Table 4 Sterol composition (%) of plasma membrane-enriched fractions from A. 
tamarense and target protistan species. 
 
Sterol Alex2 Alex5 R. salina D. salina H. akashiwo O. marina G. dominans 
Cholesterol 93.0 88.1 0.0 8.0 0.0 9.9 11.5 
Ergosterol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Brassicasterol 0.0 0.0 100.0 0.0 0.0 0.0 0.0 
Dinosterol 2.9 8.1 0.0 0.0 0.0 0.0 0.0 
Stigmasterol 0.0 0.0 0.0 0.0 0.3 6.2 18.5 
Desmosterol 4.1 3.8 0.0 44.7 0.0 33.8 38.8 
β-Sitosterol 0.0 0.0 0.0 32.3 97.9 50.1 0.0 
Stigmastanol 0.0 0.0 0.0 15.0 0.0 0.0 31.2 
Campesterol 0.0 0.0 0.0 0.0 1.8 0.0 0.0 
Corbisterol 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Sterol incubation bioassay 
 
  Assays with three representative sterols, cholesterol, ergosterol and brassicasterol, chosen 
to evaluate their effect on lytic activity, showed an increase in the percentage of intact R. salina 
cells when these sterols were incubated at high concentration together with supernatant from 
Alex2 (Fig. 2). Total lytic activity of Alex2 supernatant, which caused 100% lysis of R. salina in 
the sterol-free control treatment, was completely inhibited by all three sterols at the highest 
concentration (1 x 104 nmol L-1, Fig 2A, B and C). Nevertheless, at the next lower sterol 
concentration 1 x 103  nmol L-1 only cholesterol yielded 100% intact R. salina cells (Fig. 2A), 
suggesting higher affinity of lytic compounds for cholesterol than for the other sterols. 
Comparison of ergosterol and brassicasterol at a concentration of 100 nmol L-1 simultaneously 
applied with Alex2 supernatant (250 µL) showed higher affinity of lytic compounds for 
ergosterol than brassicasterol. At the two lowest concentrations (1 and 10 nmol L-1), all three 
sterols reduced lytic activity in 100 µL sample volume, however, differences among the effect of 
these sterols were not distinguishable. Furthermore, the two lowest concentrations of the same 
sterol reduced the lytic activity by almost the same extent. In summary, the lytic compounds 
showed binding effects to free sterols. The lytic compounds showed different affinities to the 
three tested sterols, with the highest binding to cholesterol followed by ergosterol and 
brassicasterol. 
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Fig. 2 Percentage (compared to control) of intact R. salina cells exposed to five 
different volumes of Alex 2 supernatant together with three different sterols at five 
concentrations. A. Cholesterol. B. Ergosterol. C. Brassicasterol.  
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2.4.5 Discussion 
 
The ecological role of allelopathy among microalgae is believed to relate to bloom 
formation and succession of certain species via competitive interactions (Keating, 1977; 
Legrand et al., 2003; Kubanek et al., 2005). Among microalgae, allelopathy is reported to 
mainly influence the survival of target species by inhibition of growth, photosynthetic pathways, 
immobilization, or even causing death of target microalgae (Legrand et al., 2003; Granéli and 
Hansen, 2006). Exposure of sensitive target organisms, e.g. the cryptophyte R. salina, to 
allelochemicals from the dinoflagellate A. tamarense, yields cell lysis in a relatively short time 
of several minutes. The intuitive hypothesis that such rapid cell lysis of target microalgae is 
caused by direct membrane disruption, as opposed to the induction of other catabolic cascades 
within the cell, however, remained to be proven. 
The choice of a mammalian cell model, PC 12 cells, rather than more ecologically 
relevant putative target species, to investigate the mode of action of the lytic compounds 
produced by A. tamarense was based upon pragmatic considerations. Membrane systems of 
mammalian cells have been much more intensively studied, and in any case all eukaryotic cell 
membranes share basic structural similarities. Research on the mode of action of cytotoxicity, 
including hemolytic effects, of known phycotoxins on a variety of cell types has demonstrated 
two main mechanisms of cell lysis - some toxins induce apoptosis, whereas others directly 
disrupt plasma membranes. For example, microcystins produced by some strains of the 
cyanobacteria Microcystis, Anabaena, and Oscillatoria (Sivonen et al., 1990; Fujiki and 
Suganuma, 1993; Bell and Codd, 1996; Fawell et al., 1999; Chorus et al., 2000), and diarrhetic 
shellfish poisoning (DSP) toxins, such as okadaic acid (OA) and dinophysistoxin-1, produced by 
dinoflagellates belonging to the genera Dinophysis and Prorocentrum (Yasumoto et al., 1979; 
Yasumoto et al., 1984) belong to the first type. Although these toxin groups are structurally and 
biosynthetically unrelated, they share the capacity to act as potent protein phosphatase inhibitors 
in mammalian cells, and also exert allelopathic effects on certain macroalgae (Pflugmacher, 
2002) and microalgae (Windust et al., 1996; Windust et al., 1997). With respect to cytotoxicity 
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to mammalian cell lines, these toxins were reported to induce apoptosis of target cells, e.g. 
microcystins bind and inhibit catalytic subunits of the well-conserved intracellular 
serine/threonine protein phosphatase (PP) 1 and 2A (Holmes and Boland, 1993; Goldberg et al., 
1995), and consequently cause a series of chain reactions, and finally apoptosis of target cells. 
By a similar mechanism, OA and its analogues also induce apoptosis of target cells (Tergau et 
al., 1997; Rossini, 2000; Klumpp and Krieglstein, 2002). Here it is important to note that the 
allelochemical lytic activity of Alexandrium is unrelated to phosphatase inhibition activity, at 
least as mediated by these toxins (they are absent). Furthermore, the lytic activity it also 
apparently unrelated to the presence or content of tetrahydropurine neurotoxins (saxitoxin and 
analogues) with Na+ blocking activity often found within this genus (Tillmann & John 2002). 
In virtually all eukaryotic cell types, Ca2+ is an important intracellular messenger, 
inducing death signals if delivered in unsuitable circumstances (Berridge et al., 2000; Hajnoczky 
et al., 2000). Both Ca2+ influx through plasma membrane channels and release from 
endoplasmic reticulum can stimulate cell apoptosis. In our experiments, when the PC 12 cells 
were exposed to lytic compounds from Alexandrium, the intracellular Ca2+ concentration 
increased and this enhancement was proven to originate from extracellular medium, as no 
alteration of intracellular Ca2+ was observed when extracellular Ca2+ was absent. We interpret 
this to indicate that the lytic compounds do not interact with intracellular Ca2+ stores, but rather 
act directly on the plasma membrane, either by interacting with Ca2+ channels or by forming 
pores or causing disruption of the plasma membrane. By comparison, the large polyether 
maitotoxin (MTX) produced by the dinoflagellate Gambierdiscus toxicus (Yokoyama et al., 
1988) elicits Ca2+ influx in virtually all cells and tissues by activation of ion channels (Gusovsky 
et al., 1989), and subsequently causing a intracellular cascade of events. 
 The use of the Ca2+ channel blocker CdCl2 assisted in the discrimination of ion channel 
activation, as it has been described for MTX, from an alternative mode of action for the lytic 
compounds from Alexandrium. The fact that the CdCl2 inhibition assay, in which Ca2+ channels 
in the plasma membrane were blocked, showed that intracellular Ca2+ concentrations continued 
to increase, clearly indicates that the lytic compounds directly disrupt the plasma membrane 
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rather than inducing apoptosis by activation of ion channels. We interpret the increase in 
intracellular Ca2+ as the result of enhanced influx of Ca2+ through damaged sites in the 
membrane. 
 Significantly, there was no influx of Ca2+ into PC12 cells, when the lytic Alex2 HILIC 
fraction had previously been taken up in deionized water. This is consistent with our former 
observation that the lytic compounds showed lower lytic effect on R. salina cells when re-
suspended in deionized water than in seawater (Ma et al., 2009). We speculated that the 
bioactivity against the cell membrane targets of the lytic compounds is dependent upon a critical 
secondary or tertiary conformational structure, which is maintained in saline environments such 
as natural seawater, or nutrient enrichments of seawater such as K- culture medium, but is lost in 
fractions in organic solvents or deionized water.   
 As putative allelochemical(s), it is therefore intriguing that the lytic compounds of 
Alexandrium are capable of disrupting the cell plasma membrane of target microalgal cells. 
Similar membrane disruptive effects of dinoflagellate secondary metabolites have been reported 
for species of the genus Amphidinium (Houdai et al., 2004) and Karlodinium (Deeds and Place, 
2006). The amphipathic hemolytic toxins, e.g. amphidinols with hairpin structures, are believed 
to interact with sterols located in the membrane, and to increase the membrane permeability by 
forming pores in the membrane (Houdai et al., 2005). Karlotoxins (KmTxs) are another group of 
toxic dinoflagellate metabolites, with structures similar to amphidinols (Van Wagoner et al., 
2008). KmTx-2 had different affinities to gymnodinosterol, a 4-methyl sterol from K. veneficum, 
cholesterol (found in erythrocytes as well as Oxyrrhis marina), and ergosterol, a fungal sterol 
(Deeds and Place, 2006). The latter authors concluded that Karlodinium protects itself from 
being lysed by the karlotoxins it produces by the presence of 4-methylated gymnodinosterol in 
its membrane, which thus remained intact. In other words, karlotoxins are capable of lysing 
other cells, such as erythrocytes, as well as fungi and protists, by specifically binding to non-4-
methyl sterols, such as cholesterol or ergosterol on target membranes. Such sterol-specific 
bioactivity is similar to the action of some antibiotics, e.g. the polyene amphotericin B, which 
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specially bind to ergosterol but not to cholesterol on membranes, thus can be used on human 
cells whose membranes contain cholesterol. 
Similarly, the lytic compounds of Alexandrium could conceivably behave in a sterol-
binding selective manner. The fact that A. tamarense lytic compounds bind to non-4-methyl 
sterols and that this species contains the 4-methyl sterol dinosterol is consistent with the 
karlotoxin model system, whereby dinosterol could be a candidate for a self-protective agent 
against the lytic compounds produced by A. tamarense. Unfortunately we were not able to test 
the specific binding affinity of lytic compounds from Alexandrium to dinosterol due to 
unavailability of this purified compound. In any case, the sterol profile of K. veneficum consists 
only of 4-methyl sterols (Leblond and Chapman, 2002), whereas A. tamarense contains both 
cholesterol and the 4-methylated dinosterol (26 and 41.7% of total sterol content for two 
different strains tested, respectively). The presence of the former sterol in A. tamarense does not 
support this sterol-specific hypothesis, because cholesterol showed a high binding affinity to A. 
tamarense lytic compounds and thus would counteract the protective role of dinosterol. 
Sterols are present not only in the plasma membrane but also in other organelles and 
membranes inside the cell. Nevertheless, it is apparent that only sterols present in the plasma 
membrane will directly encounter lytic compounds, and therefore the sterol composition of the 
plasma membrane is critical for understanding the mode of action and cellular target of lytic 
compounds, and whether or not sterol-binding is involved.  Unexpectedly, in the enriched 
plasma membrane fractions of both Alexandrium strains, the cholesterol component was an even 
higher percentage (>88%) of total sterols, than in the whole cell fraction. Among the target 
species, R. salina contained 100% brassicasterol, and other species contained various sterols in 
their plasma membranes, but none possessed dinosterol (Table 4). This practically rules out the 
self-protective function of dinosterol for Alexandrium against its lytic compounds, because if 
sterols are the binding target of these lytic compounds, Alexandrium cells would also be lysed.  
Alexandrium cells contain a high percentage of cholesterol in the plasma membrane, and free 
cholesterol has the highest affinity for lytic compounds. 
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If sterols really are the molecular targets of lytic compounds, there are two possible 
explanations for the apparent contradictory results. One is that the sterol composition listed 
(Table 4) does not accurately represent that of the outer membrane surface of A. tamarense. The 
outer layer of thecate dinoflagellates is complex and difficult to define, because dinoflagellates 
possess an amphiesma consisting of multiple layers, including the outermost membrane, 
amphiesmal vesicles, which for thecate dinoflagellates contain cellulose plates, and the 
innermost membrane layer in contact with the cytoplasm (Morrill, 1984). In A. tamarense, if the 
sterol composition of the outermost membrane layers is inconsistent with that of the basal 
membrane (“plasmalemma”), then the possible contribution of 4-methyl sterol to self-protective 
mechanisms cannot be excluded. To completely exclude sterols as the active target of lytic 
compounds, the actual location of sterols must be determined. 
Other possibilities are that A. tamarense cells produce protective molecules which shield 
cholesterol from its lytic compounds or that prevent the lytic compounds from reaching critical 
intracellular targets. Similar protective modes were found in some prokaryotic organisms. For 
example, lipopolysaccharides that determine the serotype of Pseudomonas aeruginosa strains 
may prevent access of R-pyocins, the bacteriocins produced by P. aeruginosa, to their receptor 
sites on the producers (Köhler et al, 2010). Some nitrogen-fixing cyanobacteria, e.g. Nostoc spp., 
also produce antibiotic substances like bacteriocin against other cyanobacteria, and 
simultaneously produce a masking protein that inhibits bacteriocin, thereby rendering the 
producing strain immune to the effects of the bacteriocin (Flores and Wolk, 1986). 
Components other than sterols in the plasma membrane may also be the targets of lytic 
compounds. For example, maitotoxin does not elicit Ca2+ influx into artificial phospholipid 
vesicles (Takahashi et al., 1982; Murata et al., 1992), but does induce Ca2+ influx into 
erythrocyte ghosts (Konoki et al., 1999), whose membrane are much more complex. The 
membrane permeabilizing activity of amphidinols (AM2 and AM3) was remarkably enhanced 
by the presence of sterols (cholesterol) (Morsy et al., 2008a), or trans-membrane protein 
(glycophorin A) (Morsy et al., 2008b) in artificial liposomes composed of saturated lipids. The 
possibility that other yet unstudied membrane components serve as the target of lytic compounds 
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cannot be excluded. Most likely both the total amount and distribution of sterols and trans-
membrane components determine the particular fluidity and stability of membranes, and then 
various combinations determine the differential sensitivity of membranes to lytic compounds.  
The hypothesis of sterol binding as a mediator of cell lysis in microalgae targeted by 
dinoflagellates is only based on the study of polyene compounds, e.g. amphidinol3 (AM3), and 
karlotoxin2 (KmTx2). The nature of the lytic compounds produced by Alexandrium remains 
poorly understood, but according to preliminary characterization of these lytic compounds, they 
are very large amphipathic molecules and/or probably form micelles as an active form (Ma et al., 
2009). In such a case, the mode of action is not expected to be as simple or direct as for the two 
dinoflagellate polyene toxins. Instead the lytic compounds may lyse cell membranes by acting as 
surfactants or “detergents”. The specific sterol composition of the outermost membrane layer 
and the presence of other protective agents in A. tamarense still need to be resolved.    
 
2.4.6 Conclusions 
 
Allelochemicals of A. tamarense cause lysis of protistan cells, apparently by direct 
damage to external membranes and loss of cell integrity. The molecular targets of the lytic 
compounds are not ion-channels, but rather other membrane components. Lytic compounds 
possess affinity for free sterols, and the lysis of protistan targets is dose-dependently reduced by 
adding various sterols. Lytic and non-lytic A. tamarense contain mainly cholesterol, the sterol 
with highest affinity to lytic compounds. Different sterol composition of the outermost 
membrane and the “plasma membrane” fraction of Alexandrium enriched in this study may 
account for the seemingly contradictory results. Although the chemical structures of the lytic 
compounds from Alexandrium have not been completely defined, they are probably not 
structurally related to the membrane disruptive polyene toxins. The superficial similarities in the 
lytic responses of target cells to polyene toxins and the lytic substances produced by 
Alexandrium, and the characteristics of the self-protective mechanism, are therefore unlikely to 
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be totally mediated by the same interaction between specific sterols and/or transmembrane 
proteins of external membranes.  
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3. Synthesis 
 
3.1 Allelopathic interactions related to different growth phases and binding affinity 
 
As defined, allelopathy is chemical interaction between different organisms, mediated by 
production of natural bioactive compounds by the “donor” and eliciting a response in the target 
species. In most cases, this requires that substances acting as allelochemicals must be released 
into the environment to diffuse and reach the target organisms. For terrestrial organisms that 
cannot freely move, higher plants for instance, the rate of diffusion and release-binding 
interactions of the allelochemicals is important. However, phytoplankton species, many of 
which possess flagella or cilia for mobility, are also readily transported by ocean currents and 
waves. Thus from the ecological point of view, instead of simply releasing the allelochemicals 
into the surrounding environment, it may be reasonable to “carry” the allelochemicals with the 
producer. 
For A. tamarense, how and whether the allelochemicals are released into the surrounding 
environment is still unclear. For cells in stationery phase, the allelochemicals are released into 
the medium, and the allelopathic effect either per cell or cell free supernatant was found to be 
highest, and thus the supernatant was used as the major source of lytic compound through the 
entire study (Publication I). However, in exponential growth phase, the EC50 was relatively 
constant at 100 cells mL-1, which means the allelopathic effect did not increase per cell as the 
cell number increased through the whole exponential phase. Instead of being released into the 
environment, the allelochemicals probably bind to the cell surface, and wherever the algae cell 
travels, the allelochemicals follow the cell (Fig. 1). Some species, such as Heterocapsa 
circularisquama function allelopathically through direct cell interaction (Uchida et al., 1995; 
Uchida et al., 1999). Karlotoxins are also suspected to be located inside cells and are available 
for release when exposed to mild shear during filtration or centrifugation causes almost 
complete release of toxins (Bachvaroff et al., 2008). But in pure (unforced) suspensions, 95% of 
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the toxin remains cell-bound such that very little is released without stimulation (Bachvaroff et 
al., 2008; Sheng et al., 2010). This is a good strategy, such that the algal cell is armed with a 
chemical “weapon” which travels with the cell. Such “binding”, however, appears not to be so 
strong that the allelochemicals can be released from cells through centrifugation or filtration.  
 
 
 
 Fig. 1 Hypothetical binding interaction of allelochemicals during exponential phase.  
 
 
Some research proposed excluding the role of allelopathy in bloom formation by arguing 
that high allelopathic effect was significant only at high cell density, and in pre-bloom 
conditions the allelopathic effect would be too low to initialize bloom formation of the producer 
(Jonsson et al., 2009). However, the authors did not take the possibility argued above into 
account. As mentioned, allelochemicals are barely released into the environment under low cell 
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concentration and mild water agitation. Thus simply measuring the allelopathic effect in cell free 
medium may not represent the true condition of the natural environment.  
Another possibility of why the lytic activity remained consistent per cell in exponential 
phase is that allelochemicals may be partially deactivated after release from the cells, as the lytic 
activity is not stable when stored in low concentration for days (Publication II). It is possible 
that the allelochemicals are also released in exponential phase, but they are deactivated 
immediately, however, the release rate is higher than the degradation rate. However, it is hard to 
imagine how the algae manage to keep EC50 consistent. 
The allelopathic capacity is not identical among strains within a population or between 
populations (Tillmann et al., 2009b). How the strains which do not produce allelochemicals 
benefit from the lytic strain remains to be elucidated. For whole communities, if the 
allelochemicals are released into the environment, then the non-lytic strains will also be 
surrounded by the chemicals, and benefit from other lytic strains. If the allelochemicals bind to 
the producing cells as argued above, the chemical “cloud” may form a decreasing effective 
scope, whose center has highest effect and weaker as the radius increases (Fig. 1). The non-lytic 
strain may benefit indirectly from this chemical cloud, as the grazers or competitors are deterred 
by the lytic strains due to the chemical cloud. 
 
In summary, the general findings on the nature of allelochemical interactions of 
Alexandrium led to the following conclusions: 
 the allelopathic effect on a per cell basis is highest in stationary phase, approximately 
double the potency in exponential phase; 
 the supernatant of whole cell culture in stationary phase provides the maximal potency 
and thus yield of putative allelochemicals throughout the study; 
 the allelopathic effect of Alexandrium cells in exponential phase does not accumulate as 
cell concentration increases, but rather is consistent per cell, indicating a probable 
“binding effect” of allelochemicals to the cell surface. 
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3.2 Allelochemicals of A. tamarense: largest known non-biopolymer produced by marine 
phytoplankton 
 
Unlike known phycotoxins, whose structure and mode of action have been fairly well 
studied and clarified, most allelochemicals produced among HAB species have not been 
structurally elucidated, although the phenomenon has been investigated for decades. The 
allelochemicals of only a few phytoplankton species have been described and structurally 
characterized (Legrand et al., 2003; Van Wagoner et al., 2008; Yamasaki et al., 2009). In this 
thesis, one suite of allelochemicals produced by A. tamarense are defined as large non-
proteinaceous molecules with masses ranging from 7 to 15 kDa (Publication III). The exact 
chemical nature as well as structure is unfortunately still unknown.  
Throughout the entire study, one highly lytic potent strain Alex2, and one strain Alex5 
without measurable lytic activity, were targeted. In the absence of known structures, tracing the 
lytic activity by comparing one lytic strain with another genetically closely related non-lytic 
strain appeared to be a very reliable research strategy. As in most cases, the lytic fractions 
available were impure, and presumably contained contaminants that could affect bioactivity. 
Nevertheless, the major if not only biochemical difference between Alex2 and Alex5 appeared 
to be the lytic potency. The classical methods to research marine toxin typically involve 
bioassay guided fractionation often after separation via liquid chromatography coupled with a 
spectrophotometric property (e.g., UV absorption). However, the lytic compounds from 
Alexandrium have no unique UV absorption (Publication II) or other obvious chromophore. 
Thus when collecting HPLC or HILIC fractions for mass spectrometry, the samples with lytic 
activity were often blindly collected according to the retention time. When comparing the mass 
spectra among lytic versus non-lytic fractions, the unique masses in Alex2 co-related to lytic 
activity received special interest. Unexpectedly, some unique masses only existing in partially 
purified fractions of lytic strains proved not to be related to lytic activity. For example, two 
molecules with molecular mass of 1061.6 and 1292.6, respectively, which were only found in 
Alex2 SPE lytic fraction, were later excluded through further purification (Publication III). 
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This should be interpreted to indicate that simply finding unique masses in the lytic Alex2 strain 
is not enough to guarantee that they represent lytic compounds, although they co-elute with 
these components. They need to be found in lytic fractions purified by different chromatography 
methods or are trypsin resistant, etc.  
The amphipathic allelochemicals produced by Alex2 are not a single molecule, but rather 
a suite of compounds if the unique masses detected are really related to the lytic compounds, as 
they exhibit several peaks, and each peak is resolved into more small peaks by mass 
spectrometry. Another proof of the molecular complexity is that the retention time of SEC lytic 
fractions extended over two minutes, whereas the retention of trypsin as well as albumin was 
confined to less than one minute, indicating the lytic fraction contained several compounds with 
slight size difference.  
Although the HILIC fraction was the purest fraction obtained, contamination was 
observed in the fraction residue from both Alex2 and Alex5. On the other hand, the 
susceptibility of the compounds to ionization remains uncertain. The lytic compounds may not 
be ionizable, and thus are not detectable through any mass spectrometric method.  
Some other research on exotoxins with hemolytic or cytotoxicity produced by 
Alexandrium spp. suggested that they produced either proteinaceous molecules >10 kDa (Emura 
et al., 2004), or polysaccharide-based molecules with molecular mass of about 1000 kDa 
(Yamasaki et al., 2008). The lytic compounds produced by Alex2 shared some similarities with 
those two exotoxins, but are clearly not the same compounds. The molecular range of the lytic 
compounds is consistent with the 10 kDa compounds, but they are non-proteinaceous; the lytic 
compounds may contain sugar residues, but the molecular mass range is rather less, at least <22 
kDa based on SEC (Publication III). However, Alex2 also produces another less potent lytic 
fraction which is more hydrophilic, but the characterization is missing due the focus on the less 
hydrophilic fraction with higher lytic activity (Publication II). Conceivably, the neglected lytic 
fraction contains one or more of the known exotoxins.  
Until now, the largest secondary non-biopolymer natural product of marine 
phytoplankton was thought to be maitotoxin, with molecular mass over 3000 Da (Murata et al., 
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1994). The lytic compounds produced by A. tamarense are non-fatty acid (Publication II), non-
proteinaceous, and unlikely to contain polysaccharide (Publication III), but are bigger than 
maitotoxin, indicating that they are probably the largest non-polymer produced among 
phytoplankton.  
Two suites of lytic fractions with various polarities were found to be produced by A. 
tamarense. The more hydrophilic fraction is less lytic than the less hydrophilic fraction from a 
single separation of supernatant through reversed phase C18 SPE (Fig. 2). Due to lack of pure 
materials, we cannot simply conclude that the more hydrophilic fraction is less potent per unit 
(mol or ng) compared to the other fraction. The hydrophilic fraction may also be present at a 
lower ratio in the supernatant, or have a weaker effect when lysing Rhodomonas salina. The 
diverse lytic activity among intra-population strains of A. tamarense may be due to the 
production of bioactive components in these two fractions in different ratios. 
When separated by reversed phase SPE, although we concluded that the large loss of 
activity was due to the high absorption of the amphipathic fraction to the C-18 material, there 
are other possibilities that may cause such loss of activity. Some cyanobacteria produce 
synergistic mixtures of metabolites as allelochemicals, as each metabolite has allelopathic effect, 
but the effect is greatly enhanced when mixed in various ratios (Leão et al., 2010). Simple 
synergism may be excluded as an explanation for the activity of the two lytic fractions of A. 
tamarense, as the lytic activity was not enhanced by simple mixing. Nevertheless, the mixing 
ratio was arbitrary and might not match the true ratio in supernatant (Publication II). The 
activity of the hydrophilic fraction, not retained by reversed-phase SPE, may be accounted for 
by another mechanism that results the lower mortality of target species. Simultaneous 
production of both bioactive hydrophilic and hydrophobic compounds (Gross, 2003), can be an 
effective strategy for allelopathy among aquatic organisms. As this less active fraction is rather 
hydrophilic, A. tamarense probably also produces some lipophilic compound(s), which may 
have a synergistic effect together with this hydrophilic fraction. 
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Fig. 2 Distribution of lytic activity in 200 mL A. tamarense supernatant through 
separation via reversed phase SPE cartridge. 
 
When the lytic activity of the hydrophilic fraction was quantified, the synergistic 
lipophilic compounds was not present, as mixed compounds were separated due to the different 
polarities through SPE-C18 cartridge, thus the lytic activity of this fraction was much lower. 
One of the hardest large lytic activity losses (ca. 90%) to explain was when performing n-hexane 
extraction of supernatant (Publication II). One plausible explanation is that the synergistic 
lipophilic components were extracted to n-hexane, and the hydrophilic lytic components, as in 
the hydrophilic fraction isolated from C18 SPE, were left in aqueous phase. This hydrophilic 
fraction alone has some activity, but much lower than when together with the lipophilic 
components. Furthermore, when performing n-hexane liquid-liquid partition, the reproducibility 
was rather low, which might be caused by the incomplete separation of these two synergistic 
compounds. However, no hard proof exists that can verify this hypothesis at present. 
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In this thesis work, allelochemicals of Alexandrium were found to have the following 
properties: 
 Alexandrium tamarense produces at least two suites of allelochemicals with differing 
polarities;  
 the major allelochemicals produced by A. tamarense are amphipathic, representing large 
non-proteinaceous compounds ranging from 7 to 15 kDa. 
 the hydrophilic fraction alone has weaker lytic activity, but probably synergistically 
interacts with lipophilic compounds in natural conditions, such that the large loss of lytic 
activity when separated based on polarity is due to separation of these interactive 
components. 
 
3.3 Adaptive advantage of chemical characters of lytic compounds for bio-membrane 
interactions and dispersion in aqueous medium 
 
Chemicals with amphipathic property are suspected to be ideal allelochemicals in aquatic 
environment. On one hand they are able to effectively disperse in water, and on the other hand 
they can interfere with the lipid bilayers of membrane of target cells. In this thesis, the major 
allelochemicals, also designated as lytic compounds produced by A. tamarense were proved to 
be amphipathic (Publication II). The lytic compounds were partitioned from aqueous medium 
by methanol and chloroform. They also form an emulsion with lytic activity between the organic 
and aqueous phase, indicating the compounds possess both hydrophilic and hydrophobic parts.  
The lytic compounds are relatively stable to wide range of pH, temperature, and light 
intensity, which makes further treatment and isolation relatively easier. However, the lytic 
compounds are sensitive to storage salinity and concentration, indicating formation of secondary 
and perhaps tertiary structures that may affect bioactivity. When stored at low concentration, the 
intact sample temporarily lost activity, however, the activity was re-established after vigorously 
shaking, either due to the fact that the lytic compounds formed micelles again or they regained 
active structures. Interestingly, in intact cell culture, even if the cell concentration was extremely 
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low, e.g. in the initial exponential growth phase, lytic activity was still measurable and remained 
consistent. Here a different mechanism may exist such that the lytic compounds bind to the cells, 
thus the compounds cannot be readily deactivated, even if the concentration is much lower 
compared to diluted sample, as shown in the stability experiment (Publication II). Research on 
cell-free supernatant indicated that the free lytic compounds form another state either in micelle 
form or other secondary or tertiary structure, which is stable only in saline water instead of 
deionized water and at high concentration (Publication II and III).   
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Fig. 2 Lytic activity loss of 10* diluted supernatant incubated in vessels of various 
surface area (air & vessel)/ volume ratio 
 
Another property or the lytic compounds is the high absorption to various materials, 
including polycarbonate membranes (Publication I), plastic and even glass. When the 
supernatant was stored in vessels with large surface area (including air and vessel surface), the 
lytic activity degraded drastically, and was not re-established (Fig. 2). High affinity of lytic 
compounds to materials is probably due to the surface charges of the compounds. Marine waters 
are typically around pH 8, and therefore weakly alkaline, thus the lytic compounds may be 
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negatively charged. High affinity to surfaces may be an advantage for the allelochemicals to 
interact with cell surface, but this property complicates the purification procedure. As all 
chromatographic methods are based on phase-phase interaction, and the contact surface area is 
rather large, the large losses of lytic compounds may confound further isolation. Another 
problem is that the solubility of the major lytic compounds is limited, which means the lytic 
compounds cannot be highly concentrated for further analysis.   
 
The chemical characteristics of the allelochemicals produced by Alexandrium that may 
provide an advantage for dispersion in water and thus reach target membranes are as follows: 
 the major lytic compounds amphipathic, which aids in diffusion in water as well as 
interactions with bio-membrane via optimal binding affinity; 
 the lytic compounds form micelles or other secondary or tertial structures in active form. 
 the lytic activity is not stable when fractions are stored at low concentration or in the 
absence of salt ions, but the apparently lost activity can be re-established by vigorously 
shaking or dissolution in saline media such as seawater.  
 the lytic compounds have high absorbance to various materials, including polycarbonate 
membranes, other plastics and even glass, and such property may benefit a lot when the 
compounds interacting with bio-membrane. 
 the lytic activity is easily irreversibly lost when stored in vessels such as Petri dish with 
large surface area/volume ratios. 
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3.4 Mode of action: Target specificity and protective strategies 
 
Alexandrium tamarense showed allelopathic effects toward various protists. One of the 
effects observed is cell lysis initiated upon cell membrane, and thus the allelochemicals are 
designated lytic compounds. From an evolutionary and ecological point of view, lysis of 
competitors and/or predators is an economical way to enhance growth and survival. Besides 
offering a competitive advantage for the producer to take up existing limiting nutrients by killing 
competitors, the allelochemicals also lyse and cause release of organic substances of competitors. 
For example, Prymnesium parvum cells can kill and digest their predator Oxyrrhis marina 
through allelopathy (Tillmann, 2003). Probably, the genus Alexandrium also benefit from 
allelopathy in a similar way, as mixotrophy has been found among a number of Alexandrium 
species (Nygaard and Tobiesen, 1993; Jacobson and Anderson, 1996; Jeong et al., 2005), thus 
Alexandrium possess the ability to take up large organic molecules (Legrand and Carlsson, 
1998). Some allelochemicals are suspected to be involved in predation, e.g. karlotoxins with 
allelopathic effects produced by mixotrophic dinoflagellate Karlodinium veneficum, were 
reported to immobilize the prey before ingestion (Sheng et al., 2010). 
In this thesis, the mode of action of cell membrane lysis caused by lytic compounds in 
cell free samples was considered. First of all the lysis of target membrane is time dependant, and 
only under certain concentration, the lytic activity expressed as R. salina depends on incubation 
time (Publication I). Probably, around the threshold effective concentration, the lytic 
compounds need an extended time to reach the putative molecular target on membrane of other 
sensitive species. At very high concentration, the lytic compounds easily encounter the 
molecular target on membrane, and thus do not rely on long exposure time as the 
allelochemicals are present in excess. At very low concentration, the lytic compounds either 
degrade fast over time, or they cannot reach the threshold concentration needed per target cell, 
thus prolonged exposure does increase mortality of target cells. Thus at two extremes, either 
very low or high, concentrations, the allelopathic effect is not highly dependent on exposure 
time. 
SYNTHESIS 
 
 130 
Tillmann et al. (2007) found that the lytic compounds from Alexandrium can be removed 
from the fractions applied to the target culture, and concluded that the lytic compounds cannot 
indefinitely lyse membranes, because the membrane components irreversibly bind to the lytic 
compounds upon membrane lysis. According to the results in this thesis, the lysis of target cells 
is caused by direct membrane disruption rather than by inducing apoptosis or directly acting on 
ion channels (Publication IV). Then the questions regarding which membrane components, if 
not ion channels, bind the lytic compounds, and how the lytic compounds selectively lyse 
membranes of various species were addressed by not completely clarified in this thesis.  
Since lytic compounds of A. tamarense lyse membranes in a similar mode of the polyene 
compounds, they were also suspected to interact with membrane sterols. The sterol incubation 
assay unquestionably indicated the affinity of lytic compounds to sterols. As the cell free 
supernatant was applied, both the hydrophilic and amphipathic lytic compounds bound to sterols. 
Sterols are also amphipathic lipids, thus it is reasonable that they possess affinity to amphipathic 
lytic compounds. Sterol molecules are much smaller than the lytic compounds, and consequently, 
they may interfere with the active structure, supposed as micelle or secondary structure, and 
deactivate the lytic activity. And for the hydrophilic lytic compounds, if there are synergistic 
lipophilic components, the sterols may interfere with the combination of them. Under normal 
circumstances, sterols in biomembranes are embedded into the phospholipid bilayers, thus the 
lytic compounds, if they really target on membrane sterols, need to be over threshold 
concentration and need a long enough exposure time to encounter the sterol target.  
The seemingly contradictory results of sterol binding assay and sterol compositions of 
Alexandrium and sensitive species hampered the hypothesis of sterol as the target of lytic 
compounds. However, only the self-protective mechanism of A. tamarense was hard to explain, 
but it is unnecessary to exclude the sterol as the target molecule of sensitive species. It is hard to 
make a solid conclusion since the dinosterol was not involved in the incubation assay. 
The sterol-binding mode was concluded on the basis of  polyene compounds with similar 
chemical structure; however, the amphipathic lytic compounds, although inducing similar 
membrane lysis of target cells, are not polyene compounds or at least are structurally different  
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and with molecular weight much higher than those of polyene metabolites. The hydrophilic lytic 
compounds are even less likely to be related to those amphipathic polyene compounds due to 
different polarity. Besides sterols, the cell membrane also possesses a lot of other components, 
e.g. transmembrane protein. Membrane sterol may be the target of lytic compounds, but other 
components such as some transmembrane glycoprotein may also influence the affinity of lytic 
compounds to the membrane of sensitive species. 
Blooms of Alexandrium spp are also involved in kills of high trophic level marine 
organisms. Fish kills can be caused by gill cell damage induced by hemolytic toxins. The lytic 
compounds produced by A. tamarense may also be hemolytic, as they possess affinity to 
cholesterol, the membrane sterol of both fish gills and erythrocytes. However, when the 
mammalian cell model PC 12 cell line was exposed to the allelochemicals of A. tamarense, no 
lysis of cells was observed even after long time exposure. Even if the lytic compounds produced 
some damage or pores on the cell membrane, causing influx of Ca2+, the PC12 cells retained 
integrity even after several hours incubation. One possibility is in the experiment, the PC12 cells 
were fixed with collagen coated on the bottom of the Petri dish, and the collagen layer helped to 
keep the integrity of the cells. No relevant experiment of hemolytic and cytotoxicity experiment 
were performed, thus it is not sure if the allelochemicals are also associated with fish kills as 
well as negative effects on marine mammals. The membrane lysing activity make the lytic 
compounds a possible agent responsible for those deleterious effect on higher organisms.    
 
Based upon this thesis work, the following conclusions are proposed: 
  membrane lysis of target cell is time- and concentration-dependant; 
 the lytic compounds, both hydrophilic and amphipathic, possess affinity to sterols, and 
via this mechanism may be  sequestered away from targets; 
 the lytic compounds possess various affinities to sterols, in that they have higher affinity 
to cholesterol followed by ergosterol and brassicasterol; 
 A. tamarense contains mainly cholesterol and dinosterol in both the whole cell and 
enriched plasma membrane fractions;  
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 the different chemical characteristics of lytic compounds with respect to the polyene 
compounds indicate that another mode of action, rather than sterol binding, is possible.  
 
3.5 Conclusions 
 
Alexandrium tamarense produces allelochemicals with lytic activity against a wide 
spectrum of photoautotrophic and heterotrophic protists. The lytic activity is highest in cell free 
supernatant of stationery phase but the lytic activity per cell remains  consistent during the 
whole exponential phase suggesting the allelochemicals bind to or at least form a chemical zone 
of activity  surrounding the A. tamarense cells.   
Attempts at isolation and purification often resulted in large loss of lytic activity 
prompting diverse effort at the physico-chemical characterization of the lytic compounds. The 
lytic activity is stable under mild physical and chemical conditions. The sensitivity of the lytic 
activity to the storage conditions, including the vessel’s surface area, concentration, and salinity 
is suspected to be related to the complex active structure of the lytic compounds. High 
absorption of the lytic compounds to various materials is suspected to be an advantage for the 
lytic compounds to reach the membrane of target species.  
An emulsion formed when extracted by n-hexane and chloroform/methanol, suggesting 
the lytic compounds is amphipathic. Two fractions with different polarities which are unlikely to 
have synergistic effect are produced by A. tamarense. The amphipathic lytic fraction was tested 
to be more lytic, either in total amount or per unit, than the hydrophilic lytic compounds. The 
amphipathic lytic compounds were proved to be large non-proteinaceous, and probably non-
polysaccharide, compounds with mass range from 7 kDa to 15 kDa. When interacting with cell 
membranes, the lytic compounds require a certain salinity to keep activity of secondary or 
tertiary structures, either in micelles or other macromolecular complexes.  
The affinities of the lytic compounds to cholesterol, and the larger ratio of cholesterol on 
both whole cell and plasma membrane of Alexandrium brought a contradictory conclusion that if 
the sterols are the target of lytic compounds, the A. tamarense would be lysed too. The possible 
SYNTHESIS 
 
 133 
explanations are either the sterols target on A. tamarense itself are shield by some other 
molecule structure on membrane or A. tamarense also produce some compounds prevent the 
lytic compounds to reach the sterol on its own membrane. However, lacking the binding 
behavior of lytic compounds to dinosterol, the molecular target on membrane cannot be assured. 
The lytic compounds may lyse cell membrane in a different mode of action instead of sterol-
binding model among polyene compounds, as the chemical characters, including molecular mass, 
polarity, and structure, are different from the polyene compounds. 
 
3.6 Perspectives for the future study 
 
Although much effort was expended in attempting the characterization of 
allelochemicals (lytic compounds) of A. tamarense, the exact molecular mass and structures are 
still unknown. In this thesis work, only the approximate mass range of the lytic compounds was 
determined, and the possible inclusion of major groups of natural compounds (proteins, 
polysaccharides) in the structure of the lytic compounds was excluded. In future work, purer 
fractions are required and these may be acquired through a combination of several 
chromatographic techniques, such as SEC, HILIC, etc. The candidate masses can be re-checked 
by MALDI-TOF in linear mode as the lytic compounds are large. Unlike smaller masses, whose 
relationship to the lytic activity can be verified via LC-MS, the large molecular masses over 7 
kDa must be confirmed by alternative methods. MALDI-TOF coupled with trypsic digestion is a 
good option. Since the lytic compounds are now verified to be non-proteinaceous, if those large 
masses disappear after trypsic digestion, then they can be excluded. On the other hand, with pure 
lytic compounds, the sugar content can be reconfirmed to finally assure composition of the 
chemical groups in the lytic compounds. 
    The chemical elucidation of lytic compounds will help a lot to resolve some remaining 
problems posed in this thesis, such as the binding hypothesis of lytic compounds in exponential 
phase, and molecular targets associated with membranes of sensitive species. With pure lytic 
compounds, fluorescent antibodies could be developed to directly observe the position and 
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working site of lytic compounds in A. tamarense cells and membranes of target species, 
respectively. And by knowing the exact chemical structure of the lytic compounds, the possible 
active structure, micelle or other complex as well as mode of action can be further explored. In 
addition, with pure lytic compounds, the hemolytic as well as cytotoxicity activity can be 
examined and quantified to clarify the relationship of the lytic compounds to fish kills, etc.   
The components of the hydrophilic lytic fraction also need to be further elucidated, and 
additionally the synergism hypothesis as related to of the interactions of hydrophilic and 
amphipathic components in the respective fractions should be clarified. The existence of such 
synergism must be established in the first place. Extraction by n-hexane is a feasible 
fractionation method, in that the lytic activity can be tested by re-combination of aqueous phases 
and the lipophilic (n-hexane) phase. Another fractionation method that could be further 
employed would be to mix the SPE C18 fractions eluted later than 80% methanol with 100% 
methanol or chloroform/methanol. Once the synergism is proved, the following step is the 
search for the lipophilic components.  
The diversity of lytic activity among intra-population of A. tamarense can be re-checked, 
to explain how the various ratios or modification of the lytic compounds may contribute to the 
different lytic potency among various strains. But as shown, the existence of the lytic 
compounds, at least the large amphipathic compounds, cannot be detected or quantified through 
classic HPLC-UV absorbance or LC-MS methods. Finally, development of a sensitive, accurate 
and rapid method for detection and quantification of allelochemical activity and associated 
metabolites is necessary in future studies. Antibody-guided chromogenic- or fluorescent-
reaction can be an option.   
 Other ecological issues such as how the non-lytic strains could benefit from the 
presence of A. tamarense lytic strains could also be clarified if the allelochemicals are known 
and can be effectively detected. Similarly, biological interactions of A. tamarense with 
symbiotic bacteria, and parasites such as fungi and bacteria affected by allelochemical 
interaction could also be addressed.  
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Although this is currently not feasible due to lack of knowledge of the exact chemical 
structures, at the genetic level, putative gene-types encoding for the biosynthesis of the lytic 
compounds could be inferred from the chemical structure of the compounds and confirmed by 
comparative gene expression. Comparative genomic analysis of lytic and non-lytic strains may 
eventually provide detailed insights into the function and ecological importance of 
allelochemicals in the development and maintenance of HABs of Alexandrium species in diverse 
natural marine ecosystems.  
The influence of nutrient limitation on the production of allelochemicals of A. tamarense 
is another interesting topic. Since HABs often occur in aquatic environments that are eutrophic, 
or subject to an imbalance in the ratio of phosphorus to nitrogen, the production of allelopathic 
effects could also be influenced by nutrient dynamics, as is the case for production of known 
phycotoxins such as those in the saxitoxin family. Nevertheless, the structure of the 
allelochemicals of A. tamarense is unknown, and also therefore whether or not they contain N or 
P in their molecular structure. It is thus unclear if the allelochemical activity of Alexandrium 
species is highly susceptible to N or P limitation. In any case, even if there is no N or P 
contained in the lytic compounds, the nutrient limitation could affect physiological processes 
within cells, thereby indirectly influencing production of secondary metabolites, including 
allelochemicals. Further experiments should be conducted in N- and P-limited semi-continuous 
or batch culture of A. tamarense with reference to the effects on lytic activity per cell.  
In conclusion the most important step in the near future is to determine the structures of 
the allelochemicals, and also to develop effective and accurate methods to detect and quantify 
these compounds.  
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